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The Effect of Certain Variables in Warp Sizing 
on Weavability’ 


Henry W. Saffer,? Henry A. Rutherford, and David M. Cates 


The Textile Research Center, North Carolina State College, Raleigh, North Carolina 


Abstract 


The effect of certain variables (size add-on, degree of polymerization of size, and 
temperature of application) in sizing was determined in relation to simulated weaving 
for a cotton yarn sized with poly(ethylene oxide ). 

Increasing the size add-on decreased the tendency of the sized yarns to shed fibers and 
size. The effect of resin DP varied with size add-on. At low add-ons an increase in 
DP was accompanied by an improvement in weavability which was attributed to the 
concomitant increase in toughness of the resin; after very high values of DP were 
reached, however, weaving became unsatisfactory, apparently because of poor anchoring 
of resin to yarn. At high add-ons an increase in resin DP resulted in improved weaving 
performance for all ranges of DP, and this effect was attributed both to the increase in 
toughness of the resin film and to the increase in film coverage of the yarn surface and 
in film thickness achieved at high add-ons. As the temperature of application was 
raised, penetration of size through yarn increased. This resulted in poor weavability at 
low DP’s; at high DP’s, however, weavability was improved, apparently because the 
increase in temperature permitted better anchoring of size to yarn. 


Introduction Evaluation of the 


usual starch formulations is difficult because these 


be isolated and easily measured. 


The object of the present work was to isolate and 


relate the effect of certain variables in the sizing of 
cotton, i.e., size add-on, degree of polymerization 
of the size (DP), and temperature of application, 
to weaving performance. It was desirable to select a 
system in which the effect of these variables could 


1 Taken in part from a thesis submitted by H. W. Saffer 
to the Department of Textile Chemistry, School of Textiles, 
North Carolina State College, in partial fulfillment of the 
requirements for the degree of Master of Science in Textile 
Chemistry. This work was done under a fellowship spon- 
sored by Union Carbide Chemicals Company. 

2 Present address: Textile Research Institute, Princeton, 
New Jersey. 


mixtures contain additives that complicate the inter- 
pretation. To avoid this complication, poly(ethylene 
(PEO), an experimental, water-soluble 


resin, was selected as the sizing agent because it can 


oxide )* 


be applied as a one-component size. 

The best method of evaluating the effect of a par- 
ticular variab! in the warp sizing treatment is to 
carry out large-scale loom tests, but this is time- 
consuming and costly. Much effort has been made 
One 

8 Available as “Polyox” (a trademark of Union Carbide 
Chemicals Company). 


to find a more expedient laboratory method. 
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approach has peen to make use of miniature looms 
that simulate the essential motions of a loom [3, 4, 
5]. In this work the warp shed tester [1, 5] was 
used, The shed tester is simpler to operate than 
the loom and has fewer adjustments. 

The shed, defined as the mass of fibers and size 
abraded from the yarn during weaving, was the de- 
pendent variable in the experiments and was taken 
as a convenient measure of weavability. Shed is 
produced in the weaving process by the abrasion of 
yarn against yarn and yarn against metal. It 
poses a housekeeping problem in the mill and may 
also cause yarn ruptures if a sufficient number of 
fibers are rubbed off the yarn. Often these short 
fibers collect on the yarn in the form of small, tangled 
aggregates that become lodged in the metal parts of 
the loom and cause end breakage. 


Finally, they may 
wrap around adjacent yarns and reduce the opening 
of the shed. This places excess tension on the yarns 


and may cause them to break. 

A section of the paper is devoted to size distribu- 
tion and “fiber lay.”” Fiber lay refers to the ability 
of the size to cement surface fuzz fibers to the com- 


pact main body of the yarn. Both size distribution 


DP INCREASES 
<__—_ 


VISCOSITY (CPS.) 


0.80 100 120 1.40 


CONCENTRATION OF CALCIUM 
HYPOCHLORITE (%) 


Fig. 1. Effect of concentration of calcium hypochlorite on 
viscosity of 4% PEO solution measured at 25° C. 
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and fiber lay have an obvious effect on shed and are 
believed to be important determinants of weavability. 


Experimental 


Materials 


A carded 30/1 cotton yarn with a 4.3 twist multi- 
plier was sized with PEO. The viscosity of a 1% 
solution of the original PEO was 3,100 cps. measured 
on a Brookfield Viscometer operating at 2 r.p.m. and 
25° C. In order to obtain solutions of suitable 
viscosities for warp sizing, the molecular weight was 
reduced by calcium hypochlorite oxidation, following 
the procedure given later. 

The effect of calcium hypochlorite on the viscosity 
of PEO solution is shown in Figure 1, where the 
concentration of oxidizing agent refers to percent 
of hypochlorite on the weight of the resin. Calcium 
hypochlorite attacks the PEO molecule by an oxida- 
tion mechanism, presumably at the ether linkage, 
which is the most labile position in the polymer [2]. 

The viscosity of PEO in solution can also be varied 
by diluting and by raising the temperature, as shown 
in Figures 2 and 3. 


Methods 


Mixing. Solutions were mixed at room tempera- 
ture by dispersing the calcium hypochlorite in water 
and stirring for approximately 5 min. with a variable- 
speed mixer. The size was then sprinkled into the 
dispersion to the desired concentration and the whole 
solution was mixed 1-2 hr. and allowed to stand 
overnight. Slow addition of PEO was necessary to 
prevent the formation of aggregates which are very 
difficult to dissolve. The viscosities of the solutions 
were measured with a Brookfield Viscometer operat- 
ing at 30 r.p.m. using the appropriate spindle. 

Sizing. Ends of 30/1 cotton (100) were slashed 
on the Callaway Sample Slasher (open model) for 
each experimental run. The yarns were dipped in 
the size box and squeezed between a rubber roll and 
a stainless steel roll. Size was applied at room tem- 
perature (near 25° C.) except in the case of the tem- 
perature-of-application studies. The load on the rolls 
was held constant at 200 Ib. (100 lb. hanging verti- 
cally from each side). The sized warp was dried 
on a series of four drying cans thermostatically con- 
trolled at 93° C. and then split by two lease rods and 
collected on a small beam. The length of each warp 
was 40 yd. and the speed of the slasher was 7-9 
yd./min. 
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Weaving. The sized warps were drawn in on a 
modified Southern Research Institute Warp Shed 
Tester [5]. Essentially this device simulates the 
action of drop wires, harnesses, and reed on the 
loom. A schematic diagram of the modified instru- 
ment is shown in Figure 4. Yarn on beam (A) was 
drawn through drop wires (B) and then through two 
sets of double-bar harnesses (C). The cams (F) 
that control the harnesses were arranged to simulate 
a plain weave on a loom. The yarn, after leaving 
the harnesses, was drawn through a 30-dent reed at 
3 ends/dent to give a sley of 90 ends/in. Although 
no filling was present, the beat up by the reed (D) 
was comparable to inserting 170 picks/min. The 
take-up roll (E) operated at 5 yd./hr. and the test 
was run for 4 hr. Tension was applied to the yarn 
by means of weights suspended from a pulley and 
attached to the let-off roll. The shed tester was oper- 
ated in a room controlled at 75° F. 
relative humidity. 


and about 75% 
Occasional measurements indi- 
cated that relative humidity ranged as high as 80% 
and as low as 70%. 

Desizing. Three grams of each sized sample be- 
fore being shed tested were desized in the following 
manner. 


Duplicate yarn samples were dried in 


2500 


CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 


CALCIUM HYPOCHLORITE 


VISCOSITY (CPS) 


\ 2 3 4 
SOLUTION CONCENTRATION (%) 


Effect of PEO concentration on viscosity measured 
at. 23° C. 


Fig. 2. 
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weighing bottles overnight in an oven at 85-90° C. 
This low temperature was used to avoid discolora- 
tion of wet cotton. The samples were cooled to room 
temperature in a desiccator and weighed on an ana- 
lytical balance. The water-soluble resin was removed 
by treating the sample in 250 ml. of water for 30 
min, at room temperature and then rinsing in run- 
ning water for 5 min. The squeezed, desized sample 
was dried overnight at 85-90° C., cooled in a desic- 
cator, and weighed. An unsized cotton control was 
run along with the yarn as a correction for water- 
soluble impurities in the yarn and for relative hu- 
midity and temperature differences that occurred 
between weighings. Size add-on was calculated on 
the weight of the desized yarn. 

The shed was separated into water-soluble and 
fibrous components by extracting it by the same pro- 
cedure used for sized yarn. Following the water 
extraction, the suspension was filtered through a 
sintered glass filter; the retained fibers were rinsed 
and dried. The control used was approximately 
0.5 g. of cotton shed collected when a sample of 
unsized yarn was tested on the shed tester. 

Staining techniques. All tinted 


solutions were 


VISCOSITY (CPS) 


a 165% CALCIUM HYPOCHLORITE, 
4% SOLUTION 


O' 30% CALCIUM HYPOCHLORITE, 
4% SOLUTION 


O' 00% CALCIUM HYPOCHLORITE, 
4% SOLUTION 


e° 60% CALCIUM HYPOCHLORITE, 
35% SOLUTION 


20 40 60 
TEMPERATURE (C°) 
Fig. 3. 


Effect of temperature on viscosity of PEO solutions. 
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with 1% (on the weight of the resin) of Calcocid 
Rhodamine B, a fluorescent acid dye (CI 45100). 
Preliminary tests showed that the dye distributed 
itself evenly through a PEO film cast from a resin- 
dye-water system. 

Film casting and testing. Films were cast on a 
glass plate from PEO solutions similar to those used 
for the sizing operation. The thickness was con- 
trolled by running a spatula mounted on brass tem- 


Fig. 4. Schematic diagram of warp shed tester. 
CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 
CALCIUM MYPOCHLORITE 


CALCIUM MYPOCHLORITE 


TOTAL SHED (%) 


4 6 ? 
ADD-ON ON YARN (%) 


Effect of add-on on total shed; temperature of 
application, 25° C. 


Fig. 5. 
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plates over the glass which had been coated with 
sizing solution to give a dry film depth of 0.9-1.2 
mils. The dried films were removed from the glass 
by hand and heated in an oven at 90° C. for 1 min. 
to remove imperfections in the films. 

The initial modulus, maximum strength, and elon- 
gation and energy to break at beginning of rupture 
were calculated from measurements made on 4 X 1 
in. strips with an Instron tester using 0.5 in./min. 
crosshead speed and 1 in. gauge length. The calcula- 
tions for modulus, strength, and energy to break 
were corrected for thickness differences between films 
by dividing the calculated value by the average film 
depth. 

All films were cast and tested at 70° F. and 65% 
relative humidity. 


Results and Discussion 


Four solutions of PEO resin were prepared with 
1.65%, 1.30%, 1.00% and 0.80% 


chlorite, respectively, on the weight of the resin. 


calcium hypo- 


The mixture containing the greatest amount of hypo- 
chlorite represented the resin with the lowest DP. 
4% PEO 
by weight, except in the case of the one containing 
0.80% calcium hypochlorite, where 3.5% PEO was 
used in order to obtain a practical viscosity. Be- 
cause actual DP values were not determined, the 
percent calcium hypochlorite was taken as a con- 
venient measure of this property. Each solution was 
tinted with Calcocid Rhodamine B. 


The concentration of each solution was 


The viscosities 


of the solutions that were used in the sizing experi- 
ments varied from 75 cps. to 1912 eps. 


The higher 
figure represents an upper viscosity limit for slash- 
ing with PEO [2]. 

One portion of each solution was applied at room 
temperature (near 25° C.) at four different add-ons ; 
add-on was controlled by diluting part of the original 
portion (see Effect of Add-On and Effect of DP 
below). The other portions of the solutions con- 
taining 1.30% and 1.00% calcium hypochlorite were 
applied from the slasher at successively higher tem- 
peratures (see Effect of Temperature below) ; in the 
case of the DP’s represented by the 1.65% and 
0.80% solutions, however, new solutions (4.0% and 
3.5% PEO respectively) were prepared for the tem- 
perature studies. 

The sized warps were tested on the shed tester, 
and the shed was collected, weighed, and analyzed. 
Longitudinal mounts of the sized samples before 
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shed testing were inspected under the microscope to 
observe fiber lay. In addition, cross sections of the 
yarn were observed to determine the extent of pene- 
tration by the size into the yarn. 


The shed-tester results are shown in Figures 5-7. 


Effect of Add-On 


The discussion here is limited to the relationship, 


+ 


at a constant DP of resin, between size add-on on 
yarn and total shed, PEO shed, and add-on shed. 
This relationship is shown by any single curve in 
Figures 5, 6, and 7, respectively. Size was applied 
at room temperature, and add-on was controlled by 
diluting the original solution. The following terms, 


expressed in percent on an oven-dry basis, are used. 


Size add-on~ on 
yarn) X 100 
Total shed = (wt. of shed/wt. tested yarn) x 100 
PEO shed = (wt. PEO in shed/wt. tested yarn) 

x 100 
Size add-on on shed =(wt. PEO in shed/wt. de- 
sized shed) x 100 


yarn =(wt. PEO/wt. desized 


CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 


CALCIUM HYPOCHLORITE 


PEO SHED (%) 


- 5 6 7 
ADD-ON ON YARN (%) 


Effect of add-on on PEO shed; temperature of 
application, 25° C. 


Fig. 6. 
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As the amount of resin (at constant DP) applied 
to yarn is increased, the total shed (Figure 5) and 
PEO shed (Figure 6) decrease, while the relative 
amount of PEO in the shed (Figure 7) increases. 

In general, when the concentration of a sizing 
solution is raised to obtain higher add-ons, penetra- 
tion of the size into the yarn may be expected to 
decrease as a result of higher solution viscosities. 
Where penetration is not extensive, add-on may also 
affect the continuity and thickness of the film of size 
on the yarn surface, and these properties in turn are 
important in their effect on fiber lay. 

Microscopic examination indicated that the pene- 
tration of PEO resins applied at room temperature 
in the present range of add-ons was limited to the 
In the case of the 
two higher molecular weight resins, fiber lay im- 
Although 
differences in hairiness of yarn were difficult to dis- 


outer fibers of the yarn bundle. 
proved markedly with increasing add-on. 


tinguish at add-ons close to one another, the differ- 
ences at the extremes were obvious. Cross sections 


of the tinted yarn revealed that as add-on was in- 


CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 
CALCIUM HYPOCHLORITE 


CALCIUM HYPOCHLORITE 


ADD-ON ON SHED (%) 


2 3 5 6 
ADD-ON ON YARN (%) 


Effect of add-on on yarn on add-on on shed; tem- 
perature of application, 25° C. 


Fig. 7. 
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TABLE I. Film Properties of PEO 


Calcium 
hypo- 
chlorite, 

y) mils 


Thick- 


ness, 


Maximum = Elon- 
strength, gation, 
g./mil Qq 


Initial 
modulus, 
g./cm. mil 


Energy 
to break, 
g. cm./mil 


1.65 
1.30 
1.00 
0.80 


1.28 
1.05 
0.98 
1.24 


430 415 
476 354 
449 388 
426 378 


16.7 
38.8 
64.5 
95.5 


7.21 
15.80 
30.40 
41.40 


creased, the thickness of the band of size around each 
individual yarn increased, affording more protection 
to the yarn. Presumably the transition from high 
shed values at low add-ons to low shed values at 
high add-ons shown in Figures 5 and 6 is related 
to the continuity and thickness of this band of size. 

It is clear from Figure 6 that PEO resin adheres 
strongly to cellulose. Although size add-ons range 
from 3.5% to 7%, the amount of size abraded from 
the yarn is only of the order of a few tenths of a 


percent. 


Effect of DP 


Film properties. Tensile properties were meas- 
ured on PEO films in which the same range of DP 
was covered as in the sizing work. The films prior 
to testing were translucent, the low-molecular-weight 
resins forming cloudier films than the high-molecular- 
weight resins. The range of DP used was compar- 
able to passing from a relatively brittle solid to a 
tough, flexible material. This is evident from Table 
I, which shows that energy to break, 1.e., toughness, 
increases markedly with DP. Toughness is impor- 
tant on the warp shed tester and loom, where resist- 
ance to flex, abrasion, and shock is brought under 
test. 

Penetration of size. The degree of penetration by 
size into yarn is dependent on the viscosity of the 
sizing solution, and therefore on DP. Thus, for 
solutions of equal concentration, a change from low 
to high DP would be expected to produce a relative 


change from high to low penetration. The inference 


from the data, however, is that the change in penetra- 
tion is appreciable only in the region of high DP 
values, represented in this work by the material 
treated with 0.80% hypochlorite. 
servation showed that none of the resins had pene- 


Microscopic ob- 
trated into the core of the yarn. The high-DP resin 
appeared to be located chiefly on top of the pro- 
truding fuzz fibers, however, rather than on the main 
body of the yarn, whereas with the other materials 
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of lower DP, relatively more of the resin was ob- 
served to have penetrated to the main body of the 
yarn. The results pictured in Figure 6, in which 
PEO shed is presented as a function of yarn-add-on, 
show that the highest DP material is shed more 
readily at all add-ons than any of the other materials. 
Finally, the behavior of the resin of high DP with 
respect to the add-on on shed is very different from 
that of the other materials, as shown by Figure 7; 
the ratio of add-on on shed to add-on on yarn is 
greater and increases at a faster rate than is the case 
with the other resins. These qualitative observations 
have led to the opinion that the high DP resin is 
poorly “anchored” to the yarn. 

Weaving results. The effect on weavability of the 
molecular weight of resin is shown in Figures 8A 
and &B, which relate the DP of the resin (in terms 
of percent calcium hypochlorite) to total shed at 
constant add-on. The curves correspond to the add- 
ons indicated by lines A and B of Figure 5. In gen- 
eral, Figure 8A is meant to represent low add-ons, 
to the left of line A in Figure 5, and Figure 8B to 
represent high add-ons, to the right of line B in 
Figure 5. 

At low add-ons (Figure 8A), where a discon- 
tinuous or thin, continuous film of size on the yarn 
surface is assumed to be favored, the curve exhibits 
a minimum. The falling portion denotes a progres- 
sive improvement in weavability with increasing 
molecular weight. This is attributed to increasing 
toughness of the resins (see Table 1). The rising 
portion of Figure 8A indicates that the resin of 
highest molecular weight (0.80% calcium hypo- 
chlorite) affords less protection to the yarn than 
some of the lower-molecular-weight resins, even 
though it forms the toughest film. This behavior 
is believed to be related to the distribution of size 
on yarn. Following the discussion above, the high- 
est molecular weight resin apparently was “anchored” 
much less firmly than was the case with the other 
resins and was more easily removed from the yarn 
surface during shed testing. 

At high add-ons (Figure 8B), the picture is al- 
tered somewhat. There is the initial progressive 
reduction in shed with resins of increasing molecular 
weight, as in Figure 8A, but then the shed essen- 
tially levels off. Thus, the increase in surface cov- 
erage of yarn and in film thickness achieved by the 
size at high add-ons appears to overcome the poor 
anchoring ability that has been attributed to the 
high-molecular-weight resin. 
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We applied the same reasoning to Figure 9 (cor- 
responding to add-on indicated by line A in Figure 
6) ; yarn sized with the lowest DP resin sheds PEO 
more readily than yarn sized with the two inter- 
mediate molecular weights, because of the brittle 
nature of the resin, but less readily than yarn sized 
with the highest DP resin, because the latter resin 
is less firmly anchored. 

Microscopic observations. The two highest mo- 
lecular weight resins pasted nearly all the fuzz fibers 
to the main body of the yarn at the high add-ons. 
On the other hand, yarns sized with the two lowest 
molecular weight materials were characterized by 
many fuzzy areas where small fibers projected from 
the main body of the yarn, even at high add-ons. 
At low add-ons all samples were rather hairy, re- 
gardless of DP, and. no distinct differences were 
apparent. 

The resin of highest molecular weight at low 
add-ons was distributed unevenly along the yarn, 
and occasionally lumps of resin were discernible on 
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the fuzz fibers; at high add-ons a continuous sheath 
of size appeared to coat the yarn. By comparison, 
the low-molecular-weight resin seemed to be more 
uniformly distributed along the yarn surface at all 
add-ons, and there was resin located on the main 
body of the yarn. 

Cross sections of the tinted yarns viewed under 
the microscope permitted the determination of size 
location. In all cases a continuous band of size was 
observed around each individual yarn. As the size 
add-on increased at constant DP or as DP increased 
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Fig. 11. Dilution effects compared with temperature effects. 
at constant add-on, the thickness of the band in- 
creased. Penetration was limited to the periphery 
of the yarn bundle. 


Effect of Temperature 


PEO solutions were applied to cotton yarn at 
> <. 42 C.. OF Ci at OP OC. 


temperature caused decreases in solution viscosities 


Increases in 


A simi- 
lar relationship between size uptake and viscosity 
was also observed by Zilahi and Kelen [6]. 


which were responsible for lower add-ons. 


The relationship between yarn add-on and total 
Although the DP 
studies demonstrated the effect of DP on total shed 


shed is shown in Figure 10. 


among the three lower molecular weight resins when 
applied at room temperature, these differences were 
not observed at elevated temperatures. The prob- 
able explanation is that increasing the temperature 


Dif- 


ferences in film properties probably are much less 


increases the penetration of size through yarn. 


important when there is extensive size penetration 
rather than size coating. Figure 10 shows that the 
highest DP material produces better weaving per- 
formance at higher temperatures than the materials 
DP. Evidently such penetration as is 
achieved is particularly effective with the high- 


of lower 
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molecular-weight resin and results in improved an- 
choring of the size to the yarn. This effect is dis- 
cussed in greater detail below. 

A comparison of dilution effects and temperature 
effects with respect to total shed and size uptake 
at each DP is given in Figures 11A-D. The tem- 
perature curve for the lowest DP material falls 
below the dilution curve (Figure 11A), indicating 
that better weavability is obtained when size uptake 
is controlled by elevating the temperature than by 
dilution methods. This is contrary to what might 
be expected for low-molecular-weight materials. The 
point of view adopted here presumes that the size 
improves weavability by altering the surface of the 
yarn and that size on the outside affords more pro- 
tection to the yarn than that located in the core of 
the yarn. 
pears to be unsuitable as a size because of its poor 
mechanical properties. 

For the two intermediate values of DP (Figures 
11B and C) the temperature curves fall above the 
dilution curves. 


In any case the lowest DP material ap- 


This is consistent with the belief 
expressed above that increasing the temperature in- 
creases penetration. of size into the yarn, resulting 
in poor weavability. 

For the highest molecular weight resin, the tem- 
perature curve lies slightly below the dilution curve 
(Figure 11D). A _ previous conclusion was that 
much of the high DP material is located on the out- 
side of the surface fuzz fibers. Increasing the tem- 
perature permits the resin to position itself to a 
greater extent on the main body of the yarn, result- 
ing in better anchoring and improved weaving. 

Microscopic observations of longitudinal mounts 
showed better fiber lay at the low temperatures of 
application than at the high. It is not known 
whether this was caused by differences in penetration 


or by differences in size uptake, although both may 
be contributing factors. 


Cross sections of the sized yarn gave some indica- 
tion that penetration was increased by raising the 
temperature. Because the ultraviolet light source 
was not bright enough, or the cross sections not 
thick enough, to adequately show up color in the 
areas between the fibers composing the yarn, this 
observation is not unequivocal. 

No relationships were apparent between size up- 
take and PEO shed or add-on on shed, probably 
because penetration of size through yarn obscured 
any differences, 
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Summary 


Increasing the add-on of resin (at constant DP 
and temperature of application) decreases the ten- 
dency of the sized yarn to shed fibers, although the 
The 
shed is composed mostly of cotton fibers regardless 
of yarn add-on, DP of resin, or temperature of 
application. 


relative amount of size in the shed increases. 


Increasing the DP of the resin (at constant yarn 
add-on and temperature of application) up to a 


certain molecular weight is accompanied by an im- 
provement in weavability, apparently as a result of 
the improvement in mechanical properties of PEO. 
After high DP values are reached, however, weaving 
becomes less satisfactory, presumably because the 
resin is poorly anchored to the yarn, thus negating 
the excellent film properties. The condition of poor 
anchoring appears to be more serious in the range 
of low add-ons than in the range of high add-ons. 
The explanation was advanced that the increase in 
surface thickness 
achieved at high add-ons counteracts the poor an- 
choring ability that was attributed to high molecular 
weight resins. 


coverage of yarn and in film 


Increase in temperature of application (at con- 
stant add-on and DP) increases the penetration of 
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size through the yarn. In the range of low values 
of DP, increase in temperature of application re- 
sults in poorer weavability, apparently because rel- 
atively more of the resin is distributed through the 
body of the yarn rather than on the yarn surface. In 
the range of high values of DP, increase in tempera- 
ture of application results in better weavability be- 
cause of better anchoring of size to yarn. 

Although the present results are reported specifi- 
cally for PEO resin, there appears to be no reason 
why they may not also be generally applicable to 
other synthetic sizes; this conclusion must of course 
await experimental confirmation. 
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A Measure of Cotton Fiber Development 
L. E. Hessler 


Textile Research Laboratories, Texas Technological College, Lubbock, Texas 


C UT swollen cotton fibers have been used to study 
mercerization and fiber damage in European coun- 
tries for a number of years. In studying mercer- 
izing, Willows and Alexander [7] noticed cut fibers 
showed a pronounced “dumbbell” shaped extrusion. 
Later, Markert [6] made extensive use of the 
technique in determining chemical damage in fab- 
rics. Chemically damaged cotton which had been 
cut and swollen did not form the typical “dumbbell” 
pattern because the retaining cuticle no longer pre- 
vented swelling. Hummelreich [4] studied bleach 
damage in rayon—cotton mixtures with little success, 
since synthetics do not have the retaining surface, 
consequently on 
Herzog |3] 


swelling show no_ protrusion. 
used the method to determine HCl 
damage on fibers of different degrees of maturity. 
Koch [5] made an extensive cotton fiber study of 
the method for both biologically and chemically 
damaged cotton fiber. 

The work reported here was undertaken to de- 
termine to what extent the cut fiber method can be 
used to evaluate 


utility. 


cotton fiber development and 


Materials and Methods 


Cotton samples used were of known boll age of 
development or with Micronaire readings to show 
development characteristics. The boll samples were 
21, 28, and 35 days from blooming date and from 
the same field experiment. The Micronaire samples 
range was 3.0, 4.0, and 5.0 in Micronaire units. 
Two varieties of cotton, one determinant (fast de- 
veloping) and the other indeterminant (slow de- 
veloping) were used to study cotton fiber develop- 
ment by the cut swollen fiber method. The sample 
received no pretreatment prior to sectioning, other 
than a cold solution red dye to add contrast to the 
photographs. Boiling in solutions softened the 
cuticle and affected ballooning of the cut fibers. 

The fibers were prepared for sectioning by comb- 
ing; a tuft of the fiber was placed at midsection in a 
Mico Cross Section Device. In sectioning the fiber 
no imbedding material was used. Adjustments were 


made after the first cut to give fibers around 50 y 
in length. The cut fibers were placed on a micro 
slide in a clump and a drop of 15% NaOH was 
incorporated into the sample. 
placed on the sample. After 


A cover glass was 


a few minutes the 


‘results are ready for viewing in a microscope. 


Photographs can be taken with any number of 
photomicrography instruments available. The pres- 
ent work was photographed with a regular micro- 
scope and Silge and Kuhne Orthophot equipment, 
using Kodak Pan X high contrast film. 

The areolometer was used to determine the di- 
mensional properties in Table I [1]. The determina- 
tion of cellulose and crystallinity has been previously 
described [2]. 


Results 


The cut swollen fibers in Figure 1 show, reading 
clockwise from the fiber tip, a graduation of de- 
velopment as measured from swelling and ballooning 
from highly fully developed 
The configurations in this figure may be 


underdeveloped to 
cotton. 


Fig. 1. Cut and swollen cotton fibers showing degree of 
development from fiber tip in clockwise direction. 
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used to judge the degree of development in sub- of ballooning by about a third of the fibers (Figure 
sequent photographs. The 21-day-old bolls from 2C). Other fibers are showing the beginning of 
the indeterminant type are largely primary wall ballooning. In about 50 days most of the 35-day-old 
fibers which show no ballooning or even a slight fibers would be fully developed. 

protrusion at the ends to indicate wall thickening Micronaired fibers of 3.0, 4.0, and 5.0 units are 
(Figure 2A). The lumen is not very pronounced in shown for the indeterminant cotton (Figure 3). 
the photograph, indicating a thin wall and a large Micronaire sample 3.0 (Figure 3A) shows very 
underdeveloped central cavity. A week older fiber little ballooning or “dumbbell” forms. The lumen is 
(28 days) shows lumen and the start of protrusion visible in a large percentage of the fibers. By the 
at the ends of some fibers (Figure 2B). Swelling cut swollen fiber method this would have to be 
has begun to close the lumen of some fibers, but not considered a highly underdeveloped fiber or perhaps 
enough to balloon the fibers. The 35-day-old bolls the equivalent of a slightly more than 35-day-old 
from the same type show considerable wall thicken- boll (Figure 2C). The cotton with a Micronaire of 
ing with very little visible lumen and various amounts 4.0 shows further development with more dumbbell 





TABLE I. Chemical and Physical Properties of Two Types of Cotton with Different Degrees of Development 


Fiber fineness Wall Maturity, % 
Age of Cellu- Crystal- ————— Perim- _thick- Diam- —_—_—— Imma- 
Cotton bolls, lose, linity, Micro- Areol- eter, ness, eter, Areol- turity Shape 
type days % q naire ometer m » NaOH ometer ratio factor 


—2.4 —* 10 
| 28 85.0 70.0 —2.4 24 : 
Indeter-} 35 92.6 72.1 2.9 2.6 j 57 2.75 
minant | Open 91.2 83.1 3.0 2.8 0 40 2.69 
|Open 92.7 86.3 4.0 3.9 , 59 1.88 
{Open 95.2 89.1 Sa.'- 45 3.: FE 80 1.31 


( 21 77.4 66.8 


21 86.9 65.6 —2.4 - - 23 
| 28 92.3 72.4 2.9 2.4 / 42 2.94 
Deter- } 35 94.6 73.2 3.5 2.8 : 67 2.67 
minant | Open 93.4 84.5 3.0 3.0 . A 41 2.22 
Open 94.6 87.1 4.0 4.2 . 64 1.59 
{Open 95.1 91.0 5.0 4.7 % $. 84 1.55 
— 2.4 indicates below scale. 


* Blank spaces were out of range of the areolometer. 


rm oe 


Fig. 2. Cut and swollen cotton fibers from: (A) 21-day, (B) 28-day, and (C) 35-day-old cotton bolls, indeterminant type. 
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forms and less visible lumen (Figure 3B). The 
last sample (Figure 3C), with a Micronaire reading 
of 5.0, shows increased fiber development as meas- 
ured by fewer visible lumens and more dumbbell 
forms with increased development. 

The cut swollen fibers for the determinant type 
of cotton show more development for the cotton 
fron’ bolls of known age (Figures 4A, B, and C). 
Because of its faster growth, this cotton is perhaps 
a week further advanced in fiber development. The 
samples of known Micronaire fineness for the de- 
terminant type show nearly the same degree of 
dumbbell formation for each Micronaire reading 
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that was shown by the indeterminant cotton (Fig- 
ures 5A, B, and C). 

The data in Table I for a determinant and in- 
determinant type cotton of various boll ages and 
Micronaire finenesses correspond to the photographs 
of cut swollen fibers in Figures 2, 
Chemically, 


3, 4, and 5. 
increasing cellulose and crystallinity 
the fibers as to development. The 
physical properties such as fiber fineness, maturity, 
immaturity ratio, shape factor, and wall thickness 
are visually seen in the photographs. The low 
Micronaire values with very little swelling and thin 
walls show no dumbbell formation. 


characterize 


Increasing de- 


Fig. 3. Cut and swollen cotton fibers from sample of (A) Micronaire 3.0, (B) Micronaire 4.0, 
and (C) Micronaire 5.0, indeterminant type. 


Fig. 4. Cut and swollen cotton fibers from (A) 21-day, (B 


oi: 
=, V2 


\ 


i 


) 28-day, and (C) 35-day-oid cotton bolls, determinant type. 
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velopment as measured by fineness shows increasing 
wall thickness and increasing dumbbell formation. 
Maturity values based on two different methods 
while not in too good agreement increase with 
dumbbell formation (Table I). High shape factors 
are associated with low wall thickness or the ability 
of a fiber to collapse. This property is clearly 
visible for the underdeveloped fibers. 

In order to establish a more quantitative approach 
to cotton development, fibers of different degree 
of fineness were counted with ballooning and desig- 
nated mature fibers. A comparison with the con- 
ventional NaOH maturity is shown in Figure 8. 
Correlations between fiber fineness and the two 
maturity methods are high and considered significant. 


Discussion 


Besides fiber development, cut fibers can give 
considerable information on a sample of cotton. 
Damage from microorganisms can be detected by 
lack of ballooning of cut swollen fibers. Fibers 
that have the cuticle damaged will not balloon but 
will appear rough on the surface. 

Many finishing operations affect the ballooning of 
cut swollen cotton fibers. Kiering, souring, and 
bleaching, depending on the concentration of the 
chemical and the extent of boiling, destroy or soften 
the fiber cuticle to prevent ballooning or modify it 
to the extent that ballooning no longer takes place. 
If the cuticle is altered by chemical treatment, 
swelling outwardly of the fiber gives a modified 


type of ballooning with a larger lumen. Finishing by 


Fig. 5. Cut and swollen fibers from (A) Micronaire 3.0, (B) Micronaire 4.0, and (C) 
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resin treatment, which requires considerable heat, 
prevents ballooning. High heat (above 200° C.) 
for a period of time was shown by Koch [5] to alter 
or prevent ballooning of raw cotton. Thus, the test 


Fig. 7. Cut and swollen synthetic fiber rayon. 


Micronaire 5.0, determinant type. 
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Fig. 8. The relation between Micronaire fineness of cot- 
ton and two maturity methods; one by the ballooning method 
and the other by the conventional NaOH method. 


may have a place in cotton finishing as a control 
measure to study damage. 

The underdeveloped fibers show a several-fold dif- 
ference in diameter. Since these fibers were in the 
process of development and perhaps under adverse 
environment, the growth of the fiber in certain areas 
of the boll and seed may be retarded. In 
samples, fiber diameter may be a function of variety. 
In either case, information of this kind could be of 
value to the cotton breeder. How this lack of uni- 
formity of the fiber will affect the utility of the 
cotton is open to speculation. 


some 


A lack of uniformity 
in diameter could very well mean a lack of uniformity 
in length, and spinning properties may be affected 
adversely. There to believe that 
low perimeter cottons may have advantages in de- 


is some reason 


velopment in low temperature areas, consequently 
better utility in spinning. 
advantageous in studies of this kind. 

Cotton fiber development becomes increasingly 
Whether 
earliness should be defined as the ability of a cotton 


The method should be 


important in adverse environmental areas. 
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to develop rapidly, early in the season, by producing 
early blooms or the ability of a cotton to lay down 
cellulose at a rapid rate is questionable. The rate 
of fiber development between two cottons which 
vary in determinancy is well demonstrated in the 
photographs. The more determinant cotton is, 
perhaps, a week or more further advanced in de- 
velopment. The dimensional and chemical properties 
in Table I confirm the visual findings for the two 
cottons, 

Only a few vegetable fibers give ballooning on cut 
fibers, and they are distinguishable from cotton in 
shape. Flax and ramie can be distinguished from 
cotton in mixtures by the cut fiber method [5] 
(Figure 6). Also, synthetic fibers do not have the 
same retaining cuticle as cotton; therefore, they may 
be recognized by no ballooning when cut and swollen 
with 15% NaOH (Figure 7). 

The cut fibers swollen on a slide may be observed 
under a microscope for routine work. However, for 
research a photograph has many advantages for a 
permanent record and future reference. 


Summary 


Cut swollen cotton fibers can be used to study 
cotton fiber development and determine cotton 
maturity. The method can be used to identify 
biological and chemical damage in a raw cotton 
sample. Cotton may be distinguished from other 
natural and synthetic fibers in mixtures. 
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Influence of Na,P,O,,-CaCl,-H,O Phase Equilibrium 
on Laundering of Cotton Fabric 


W. J. Diamond' and J. E. Grove’ 


Abstract 


Study of the phase equilibrium diagram for the CaCl,-Na,P,O,,-H,O system sug- 
gested that washing phenomena would depend on the phase region as well as specific 
CaCl, or Na,P,O,, concentration. 

Radioactive zirconyl phosphate was used as a redeposition soil, and tagged sodium 
alkyl aryl sulfonate was used for determination of detergent adsorption on cotton fabric. 
Ca** concentrations from 0 to 5.5 mmoles/l. were reacted with sodium tripolyphosphate 


concentrations from 0 to 3.2 mmoles/1. 


The quantity of radioactive ingredients deposited was measured after a 10-min. wash 


cycle in a Turg-O-Tometer. 


which washing is performed. 


Desorption by a 5-min. rinse cycle was also evaluated. 
Both redeposition and rinsability depend upon the CaCl,-Na,P,O 


1o Phase region in 


Higher tripolyphosphate concentrations in the wash cycle retard redeposition and 
promote the rinsing of detergent from cotton fabrics. Hardness of water definitely 


influences both redeposition and ritsability. 


The influence of tripolyphosphate on re- 


deposition is most pronounced at low soil loads. 


Introduction 


In 1954, Quimby [9] reported the phase boundary 
for the CaCl,-Na,P,O,, system in aqueous solution 
as determined by J. A. Gray and K. E. Lemmerman. 
The regions were labeled precipitate and no precipi- 
tate. Duplication of their experiments in this labora- 
tory [2] generally confirmed their results, but indi- 
cated that a more proper labeling of the regions 
would be heterogeneous and homogeneous (as sug- 
gested in the text by Quimby) or two-phase region 
and single-phase region. Further, examination of 
the heterogeneous material revealed that it was es- 
sentially a suspension of very small particulates, 
approaching colloidal size. 

From these observations, it was predicted that 
washing phenomena such as redeposition and rins- 
ability would be governed by different laws in each 
region. In the single-phase region, amount of active 
detergent adsorbed on fabric should depend upon 
ionic strength [1, 7, 8]. In the two-phase region, 
the active ingredient should be adsorbed by both 
fabric and the Ca,P,O,, and other precipitates [3]. 
Adsorption of these precipitates on fabric should 

1 Present address: Brunswick-Balke-Collender Company, 
Muskegon, Michigan. 


2 Present address: Post Division, General Foods Company, 
Battle Creek, Michigan. 


also occur, and will be recorded as detergent adsorp- 


tion. At constant sodium tripolyphosphate concen- 


tration, increasing CaCl, concentrations in a deter- 
gent bath should result in a regular change in 
detergent adsorption until the concentration of the 
phase boundary is reached. Further increases in 
CaCl, concentration should result in a sharp change 
in detergent adsorption. 


Similar behavior was pre- 
dicted for redeposition. 


Since Quimby’s work was 
performed in the absence of surfactant and since so- 
dium dodecyl benzene sulfonate is also precipitated 
by Ca** [10], some shifting of the phase boundary 
should occur. 

This paper describes the influence of the phases of 
the CaCl,-Na,P,0,,-H,O system on deposition of 
sodium dodecylbenzenesulfonate and a_ particulate 
redeposition soil (zirconyl phosphate) on cotton 
fabrics and the removal of these deposits by rinsing. 


Experimental 


Materials 


Fresh 0.008 M sodium tripolyphosphate solution 
was prepared daily using distilled water and recrys- 
tallized sodium tripolyphosphate (96.24% Na,P,O,,) 
[6] supplied by the Westvaco Mineral Products 
Division of Food Machinery and Chemical Company. 
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Zirconyl phosphate redeposition soil was prepared 


by reacting 50 ml. of 0.033 M zirconyl chloride with 
50 ml. of 0.02 M Na,PO, containing approximately 
0.04 millicuries of radioactive P**. HCl was added 
until the solution was 0.01 N with respect to acid 
and then heat treated at 190° F. for 30 min. The 
pH was then adjusted to 7 with 1 N NaOH and 
the solution diluted to 250 ml. A 10-ml. aliquot 
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Phase diagram for NasPsOw-CaCh-H:O system. 
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Fig. 2. Detergent adsorption at zero tripolyphosphate 


concentration. 
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of this mixture was used per test (approximately 
0.01 g. of soil/test). 

The detergent used in the redeposition experiments 
was Siponate DS-10 (98% sodium dodecylbenzene- 
sulfonate) supplied by American Alcolac Corpora- 
tion. For detergent adsorption experiments, a 98% 
sodium dodecylbenzenesulfonate was synthesized in 
these laboratories using radioactive H,S*Q,. 

Stock solutions of 0.01 M Ca** were made from 
Fisher USP CaCl,-2H,O and distilled water. 


Procedure 


Standard cotton sheeting, boiled off, bleached and 
calandered, no added finish, 64 X 64 weave, weight 
5 oz./yd. (North Carolina Finishing Company) was 
washed three times in 160° F. deionized water, spun 
damp dry, and ironed dry. It was then cut to swatch 
size, 3 X 5 in., and stored in a dry box at room 
temperature. 

For each experiment, 1200 ml. of solution was 
prepared. Sodium tripolyphosphate solution was 
measured into a stainless steel beaker and heated to 
on 4. 


solution and distilled water were heated to tempera- 


In a second 2-1. stainless steel beaker, CaCl, 
ture. Tripolyphosphate solution was then added to 
the calcium solution, mixed for 1 min. and the mix- 
ture divided into two 600-ml. portions, one each for 
particulate redeposition and detergent adsorption 
experiments. 

For the particulate redeposition experiment, 10 ml. 
of redeposition soil and 0.3 g. of the Siponate were 
added to 600 ml. of the above solution and agitated 
for 3 min. in a Terg-O-Tometer (U. S. 
Company) operating at 59° + 1.5° C. 
/min. 


Testing 
and 68 cycles 
After mixing, 100 ml. of the solution was 
withdrawn for measurement of conductivity (L & N 
#4866 conductivity bridge and dip cell), turbidity 
(Fisher Nefluorophotometer), and radioactivity. 
Seventeen swatches were added to the remaining 
500 ml. of solution and washed for 10 min. in the 
Terg-O-Tometer. After being washed, the swatches 
were damp dried by inserting between blotting paper 
which was passed through the rolls of a wringer 
washer. Seven of these swatches were immediately 
placed in an oven and dried at 120° F. for a mini- 
mum of 15 min. The other 10 swatches were placed 
in 240 ml. of distilled water at 59° C. 


5 min. in the Terg-O-Tometer. After the rinse cycle, 


and rinsed for 


they were damp dried and oven dried as above. 
For the detergent adsorption experiments, 10 ml. 
of radioactive detergent solution, containing 0.3 g. of 
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active detergent, was added to 600 ml. of Na, P,O,,- 
CaCl, solution and mixed for 6 min. A sample of 
100 ml. was withdrawn for physical measurements. 
To the remaining 500 ml., 17 swatches were added 
and processed in the same manner as the redeposition 
swatches. 

Equipment and procedure for counting of the 
radioactivity on the swatches were as previously 
described [4]. 


Calculations 


The damp drying process reduced the moisture 
content of the swatches to 57 + 1% by weight 
based on the dry weight of the swatch. Since con- 
centration of this absorbed solution was the same 
as the concentration of the bath from which it is 
removed 


WS (count on washed swatches) 
=A, +Aot (CuVudk 

RS (count on rinsed swatches) 

= At (Cu, Vw)k 

— Cw,) 


Difference = A, + kV, (C, 
(WS— RS) — 


where A, = count of adsorbed detergent or par- 
ticulate remaining after rinse, A, = count of ad- 
sorbed detergent or particulate desorbed by rinse, 
C. = count of wash bath at end of cycle (~ con- 
centration), C,, = count of rinse bath at end of 
cycle (~ concentration), V, = volume of adsorbed 
solution after damp drying, and k = constant to 
correct for difference in counting geometry between 
the swatches and planchets. For these experi- 
ments, C, was approximately constant, V, was a 
constant equal to 13, and volume of rinse solution 
was a constant equal to 240 ml. The concentration 
of the absorbed solution after rinsing 
drying was 


and damp 


Cw, = 13/235 C, = 0.05 Cy 

and 
WS 
RS 


AatAothi 
Aq, + 0.05 k; 


Difference 


(WS — RS) 


A, + 0.95 ky 


where k; = kRV,,Cy. 


An attempt was made to experimentally deter- 
mine k, for alkyl aryl sulfonate by restricting the 
washing cycle to 30 sec. with no agitation. 


It was 
presumed that little or no adsorption would occur 


865 


under such conditions at zero calcium 
tion. Then from Equation 6, 


concentra- 


ki = RS/0.05 (8) 


and from Equation 5, 


A, = WS — RS/0.05 = WS — k; (9) 
Results of 4384 and 456 were obtained for the 
washed and rinsed swatches respectively. By sub- 
stitution in Equations 8 and 9, k; = 9120 and A, 
had a negative value, which was obviously im- 
possible. Therefore, substantial adsorption must 
have occurred within 30 sec. even without agitation. 
The order of magnitude of k was calculated empiri- 
cally from the values of the washed and the rinsed 
swatches at zero Cat*+ concentration and Equa- 
tions 6 and 7. A, could not be greater than RS 
nor could A, be greater than the difference between 
WSand RS. By successive substitution of values, it 
was determined that A, must be between 830 and 700 
at zero Cat* concentration. Using the mean value 
of 765 for Aa, ki = 1300, and A, = 4770. Using 
these values, 1/Rk was calculated as 11.6, which is 
4 times the value determined by 
method of Fava and Eyring [5 ]. 


the empirical 


From the above, A, has approximately the same 
numerical value as the rinsed swatch and will vary 
directly with RS. A, has a value substantially less 
than the difference between WS and RS, but varies 
directly with this difference. Therefore, evaluation 
of the difference (WS — RS) within the limits of 
these experiments is a measure of desorption (A,). 
Similar reasoning can be applied to the particulate 
deposition experiments. In 
values are reported. 


Figures 2-11, three 
The washed value is the total 
quantity of detergent or particulate deposited on 
the fabric during the washing cycle; the rinsed 
value, designated as Ag, is the amount of adsorbed 
material remaining after rinsing; the difference be- 
tween the washed and rinsed swatch is designated 
as A, and is proportional to the quantity of material 
desorbed by rinsing. 


Discussion 
Detergent Adsorption and Desorption 


In the absence of tripolyphosphate, deposition of 
detergent on fabric increases with increasing Ca*’ 
concentration (Figure 2) until an optimum is ob- 
tained at 4 mmoles/l. There is some indication of 


decreasing deposition at Ca** concentrations greater 
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than 4.5 mmoles/I., but this was not confirmed, as 
such hardness concentrations generally are not en- 
countered in practice. The curve is drawn as a 
least square line from 0 to 4.0 mmoles/l. It is pos- 
sible, however, that the value at 2.0 mmoles/I. is 
a real deviation from linearity rather than experi- 
mental error. Phase equilibrium considerations of 
the alkyl aryl sulfonate-calcium chloride—water sys- 
tem certainly do not preclude such behavior at this 
concentration. In any case, the effect is small and it 
would seem likely that this system would have little 
influence on detergent adsorption in the CaCl,- 
Na,P;,0,,-H,O system. 

A constant 19.5 + 0.5% of the adsorbed detergent 
was retained when the swatches were rinsed (excep- 
tion: 23% retained at 2 mmoles/I.). The physical- 
chemical significance of this constant partition value 
is not readily apparent. It could be only a manifes- 
tation of the difference in Ca** concentrations in the 
wash and rinse baths. On the other hand, it could 
be a function of adsorption sites on the fabric and/or 
mode of deposition of the detergent. 
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The amount of adsorbed detergent which is re- 
tained on rinsing asymptotically approaches the 9000 
count/min. grid. At first glance this would seem 
to indicate saturation of a limited number of avail- 
able adsorption sites on the fabric. If this is so, 
however, the number of available sites or the tenacity 
of fiber-detergent complex would seem to depend 
upon the Ca** concentrations of the detergent bath 
and the rinse bath. This would follow from the 
fact that a high level of true adsorption occurs in 
the detergent bath while the asymptotical value in 
the rinse bath is substantially lower. Further, the 
order of magnitude of the absorbed detergent is 
substantially less than the maximum adsorption 
values on swatches from both the rinse and wash 
baths. 

Addition of tripolyphosphate to the detergent bath 
substantially reduces both the amount of detergent 
deposited in the wash bath and the quantity retained 
after rinsing (Figures 4, 6, 8, and 10). The shape 
of the adsorption vs. Ca** concentration curves with 
tripolyphosphate are substantially different from the 
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tripolyphosphate free curves. Also, there is sub- 
stantial difference in shape of the curves at different 
tripolyphosphate concentrations. In every case, how- 
ever, there is a break in the curves at the phase 
boundary concentration. 

With 0.8 mmoles/l. of sodium tripolyphosphate 
there are two breaks in the curves. The first at 
approximately 1 mmole/l. of Ca** was the expected 
break due to initial formation of the solid phase of 
the Na,P,O,,-CaCl.-H,O system. The excellent 
duplication of data substantiates the validity of the 
break at 3.5 mmoles/1. of Ca** for which no physical 
explanation has been derived. 

At Ca** concentrations between the break 
points in the curve, 1-3.5 mmoles/I., the percentage 
of deposited detergent retained on rinsing is approxi- 
mately the same as when no tripolyphosphate was 
present, 20.5%. At Ca‘* concentration above 3.5 
mmoles/I., percent retention increases with Ca** con- 
centration (25% at 5.5 mmoles/I. of Ca**). At Ca** 
concentration below 1 mmole/I., percent retention 
decreases with decreasing Ca** 


two 


concentration (9% at 
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zero Ca**). Neither the washed nor rinsed swatch 
curves show signs of reaching an optimum in the 
In fact, at 5.5 mmoles/I. of Ca‘**, 
the quantity of detergent retained after rinsing is the 


range studied. 


- same as that retained when no tripolyphosphate was 
The indications are that at still higher 
Ca** concentrations, a greater quantity of adsorbed 
detergent would be retained in the presence of 0.8 


present. 


mmoles/1. of tripolyphosphate than in the absence of 
tripolyphosphate. 

When 1.6 mmoles/1. of tripolyphosphate is reacted 
with varying quantities of Ca** (Figure 6), the curve 
for the washed swatches breaks at 1.75 mmoles/I. 
A small but 
distinct maximum deposition occurs at 2.0 mmoles/1I. 
of Ca**, followed by a minimum at 


of Ca**, which is the phase boundary. 


2.5 mmoles/1. 
This maximum appears to be a superimposed phe- 
Validity 
of the observation is enhanced by the excellent dupli- 
There 


10 of maxima occurring at Ca** 


nomenon upon a more basic phenomenon. 


cate values obtained. is some evidence in 


Figures 8 and 
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concentration slightly in excess of the phase bound- 
ary concentration. 

As in the previous cases, there is one range of Ca** 
concentrations (3.5—5.5 mmoles/l.) in which the 
percent retention of deposited detergent is 19.5 At 
Ca** concentration between 1.5 and 2.5 mmoles/l., 
17% of the deposited detergent is retained on rins- 
ing. At Ca** concentrations less than 1.5 mmoles/l., 
lesser quantities of detergent are retained on rinsing. 

When 2.4 mmoles/I. of tripolyphosphate is reacted 
with varying quantities of Ca**, the shape of the 
detergent adsorption and desorption curves are radi- 
cally different from those with lesser quantities of 
tripolyphosphate. The shape of the curve for reten- 
tion of detergent on rinsing is the same as with 
lower concentrations. Amount of detergent depos- 
ited and retained on rinsing is substantially lower 
at the higher Ca** concentrations. 

Breaks occur in both the deposition and retention 
curves at approximately 2.6 mmoles/I. of Ca**, which 


is the concentration of the phase boundary. A maxi- 
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mum occurs in the deposition curve at approxi- 
mately 4.5 mmoles/I. of Catt. The ratio of Ca** to 
P,O,,° at this maximum corresponds to the con- 
centration ratio for maximum quantity of precipi- 
tate [3]. At greater or lesser concentrations of Ca**, 
the quantity of precipitate will be smaller. Since 
the amount of deposition is also smaller at these 
concentrations, this would appear to be evidence 
that in this particular range of Ca** concentrations, 
the amount of deposition is a function of the quantity 
of particulates formed by the reaction of Ca** with 
P,O,,°. The lack of this maximum in the previous 
curves could indicate that a certain minimum quan- 
tity of precipitate is required before the phenomenon 
becomes apparent. 

At Ca‘ 


mmoles /1. 


concentrations between 3 and 4.5 
the percent retention of deposited soil 
after rinsing is 18.7. With this datum, a relationship 
between percent retention and tripolyphosphate con- 
centration becomes apparent (Table I). At Ca‘ 
concentrations less than 3 mmoles/I., percent reten- 


tion decreases with decreasing Ca** concentrations. 
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At Ca** concentrations above 4.5 mmoles/I., percent 
retention increases with increased Ca** concentration. 

Increasing the tripolyphosphate concentration from 
2.4 to 3.2 mmoles/I. increases the amount of deter- 
gent which is deposited if the Ca** concentration is 
greater than that of the phase boundary. The 
amounts retained on rinsing are, however, compar- 
able. The optimum at 4.5 moles/l. of Ca** and 3.2 
mmoles/l. of P,O,° is comparable with that at 3 
mmoles/1l. of Ca** and 2.4 mmoles/I. of tripolyphos- 
phate. It is predicted that a second maximum would 
occur in the deposition curve at approximately 6.4 


TABLE I 

TPP 
concen- 
trations 


Range of 
A Ca** conc., 
Retention mmoles /I. 


0 19. 
0.8 20. 
1.6 19. 
2.4 18. 
3.2 


17. 


1.0-5.0 
1.0—3.5 
3.0-5.5 
3.0-4.5 
3.5-4.0 


NNW 


rT had 


x 
SOLUTION 
Ses Pension 


PHASE 
soOunoary 


MINUTE 


COUNTS 


WS—RSeA, 


RINSEDeA, 


2 3 ‘4 5 
(ON CONCENTRATION , MILLIMOLE?s LITER 


Particulate adsorption at 3.2 mmoles/1. of 
tripolyphosphate, 





870 


mmoles/l. of Ca** and 3.2 mmoles/I. of tripolyphos- 
phate corresponding to the maximum deposition with 
4.5 mmoles/l. of Ca** and 2.4 mmoles/I. of  tri- 
polyphosphate. 

When all the detergent adsorption and desorption 
data are reviewed in toto, some incontroversial con- 
clusions are reached. On the other hand, however, 
Why is the 
shape of the deposition curves at tripolyphosphate 


many questions remain unanswered. 


concentrations below: 2.0 mmoles/I. different from 
those above 2 mmoles/!.?_ Why is there an increase in 
deposition at a Ca** concentration of 5 mmoles/I. 
when the tripolyphosphate concentration is increased 


from 2.4 to 3.2 mmoles/I.? Why are there maxima 


in the deposition curves at Ca‘* concentrations 
slightly higher than the phase boundary concentra- 
tions when the tripolyphosphate concentration is 1.6 
mmoles/l. or greater? Why are the rinsed curves 
for tripolyphosphate concentrations of 2.4 and 3.2 
almost exactly comparable though the deposition 


curves are quite different in magnitude? 
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Particulate Adsorption and Desorption 


In the absence of tripolyphosphate, maximum de- 
position occurred quite unexpectedly at zero Ca** 
concentration. This was apparently contrary to the 
finding of Vitale [11] and Ross, et al. [10] with an 
Aquadag soil. Actually, there is but little disagree- 
ment between the results. Ross et al. based their 
conclusion on data at 0, 1, and 3.6 mmoles/I. of 
Ca** with rinsed swatches. In Figure 3, the rinsed 
swatch data for Ca** concentrations between 0.5 and 
5.0 mmoles/l. agree completely with the Aquadag 
results. The results at zero Ca** concentrations are, 
however, in complete disagreement. 

The divergence of data is possibly explainable by 
the many differences in testing conditions: soil load, 
detergent concentration, temperature, detergent used, 
and processing of the swatches before test and during 
the test. However, the question of validity of the 
two soils (Aquadag vs. zirconyl phosphate) and the 
methods of measurement (reflectometer vs. radio- 
activity ) cannot be ignored. 

In the absence of tripolyphosphate, the particulate 
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retention curve is very similar to the detergent 
retention curve except at zero Ca** concentration. 
With increasing Ca‘* concentrations, both approach 
an asymptotical value. Optimum retention is at- 
tained at a Ca** concentration of approximately 4 
mmoles/l. in both cases. 

When tripolyphosphate is present, sharp breaks 
occur in the absorption and desorption curves (Fig- 
ures 5, 7, 9, and 11) at phase boundary concentra- 
tions. Several unexpected results are apparent. In 
Figure 5, deposition and desorption decrease with 
increasing Ca** concentration in excess of the phase 
boundary concentration, but retention increases with 
Ca** concentration. Thus, less soil is being deposited 
but more of it is being retained through the rinsing 
cycle. A comparable condition is observed at all 
tripolyphosphate 
mmoles/1. ). 


concentrations (except at 3.2 

Comparison of Figure 7 with Figure 6 reveals a 
sharp minimum in particulate deposition as compared 
to a sharp maximum in detergent deposition at Ca** 
concentrations slightly higher than that of the phase 
boundary. 

From Figures 3, 5, 7, 9, and 11, at any Ca** 
concentration, as the tripolyphosphate concentration 
is increased, the quantity of particulate deposited in 
the wash cycle and retained through the rinse cycles 
decrease, with the notable exceptions at 2.4 mmoles/1. 
and Ca** concentrations less than that of the phase 
boundary. 

The deposition of particulates as a function of Ca” 
concentration has been summarized in Figure 12. 
These curves emphasize the hazards inherent in 
detergent investigations. Several investigators could 
evaluate the effect of tripolyphosphate on redeposi- 
tion and correctly report completely contradictory 
behavior depending upon the Ca** concentration used 
by each investigation. 

Except for the influence of the phase boundary, 
the data of Figure 12 appear to have little systemiza- 
tion. Replotting the data (Figure 13) with tripoly- 
phosphate concentration as the variable at constant 
Ca** concentrations results in a clear definition of the 
system. With increasing tripolyphosphate concen- 
tration, there are minima in all the deposition curves 
between 1.6 and 1.8 mmoles/l. An optimum deposi- 
tion occurs at approximately 2.4 mmoles/l. of tri- 
polyphosphate. Though magnitude of deposition 
varies with Ca‘* concentration, approximate location 
of the minima and maxima appear to be a function 
only of the tripolyphosphate concentration. Ross 
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Fig. 14. Effect of soil load on deposition of particulates at 


2 mmoles/1. of CaCle. 

et al. [11] found a minimum in their deposition curve 
at a Ca** concentration of approximately 1.7 
mmoles/l. but their results show no maximum at 2.4 
mmoles/1. 

Before attempting an explanation of the phenom- 
ena in Figure 13, it was necessary to determine if the 
minima at 1.6-1.8 mmoles/l: of tripolyphosphate 
were related in any manner to the quantity of cloth 
or the quantity of soil. with 2.0 
mmoles/l. of Ca**, varying quantities of tripolyphos- 
phate, 22.7 g. of swatch material (same as previous 
test) but twice the weight of soil was evaluated. 

It is evident from Figure 14 that the minimum at 
1.6 mmoles/1. of tripolyphosphate is a direct manifes- 
tation of quantity of soil but independent of the quan- 
tity of fabric, except as the quantity of fabric and 
soil might be interrelated. 


A test series 


The concept of a direct 
chemical reaction between the tripolyphosphate and 
the zirconyl phosphate redeposition soil can be elimi- 
nated, since such a stoichiometric reaction would re- 
quire a minimum at 2.8 mmoles/1. of tripolyphosphate 
when twice as much soil was present. Furthermore, 
since a minimum deposition is also obtained in the 
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absence of Ca‘, any concept of interaction of the 
Ca** with either the tripolyphosphate, soil, or cloth 
can be disregarded as the cause of the minima. The 
influence of the alkyl aryl sulfonate on the minima 
was not explored. Suffice to say, it could not be a 
direct stoichiometric reaction with the soil, for this 
would require a minimum at 1.4 mmoles/I. of tri- 
polyphosphate of either one half or twice the magni- 
tude when twice as much soil was used, 

We can, therefore, conclude that the P,O,,~° ion 
either directly or indirectly causes a physical change 
on a small quantity of soil which renders it less 
Further- 
more, this resistance to being deposited increases as 
the concentration of 
mmoles /1. 


susceptible to deposition on cotton fabric. 


P,O,,° increases up to 1.4 
Whatever the mechanism of the process, 
its effect is then progressively weakened and in- 
creased deposition results from an increase in P,O,,~° 


concentration. 
such a 


Since it is rather difficult to picture 
reversal by direct and 
P,O,,°, it is proposed that the minima result from 


an interaction between the soil and a P,O,,~°-alkyl 


interaction of soil 


aryl sulfonate reaction product. As the polyphos- 
phate concentration is increased, the concentration 
of the reaction product is increased, and it in turn 
influences the deposition tendencies of the soil by 
charge reversal or some other change in surface 
properties. At 1.4 mmoles/l., a maximum quantity 
of the reaction product is formed and a minimum 
deposition results. As the tripolyphosphate concen- 
tration is increased beyond 1.4 mmoles/I. the reaction 


product is progressively decomposed, there is less 


of the product to influence the soil, and deposition 


increases. At 2.4 mmoles/I., the entire quantity of 


The lack 


of a minimum in the data for twice the quantity of 


reaction product has been decomposed. 


soil requires the supposition that the reaction product 
be uniformly distributed among all the soil particles 
and that a certain minimum concentration on the 
particle be required for any effect on deposition. 


Conclusion 


Redeposition of soil in cotton fabric and rinsing of 
detergent from cotton fabrics are substantially in- 
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fluenced by the phase region of the Ca*t-Na,P,O,, 
system in which washing and rinsing takes place. 
Rinsing of detergent is improved as the concentra- 
tion of tripolyphosphate is increased or as the Ca‘* 
concentration is decreased in the detergent bath. 

Particulate deposition is at a minimum with ap- 
proximately 1.7 mmoles/l. of tripolyphosphate and 
all concentration of Ca‘* from 0 to 5.5 mmoles/1. 
with small soil loads. Maximum deposition with 
small soil loads occurs at a tripolyphosphate concen- 
tration of 2.4 mmoles/l. These maxima and minima 
are not present at larger soil loads. 

Desorption of detergent or particulate soil from 
cotton fabric is directly proportional to the amount 
deposited over a substantial range of concentrations. 

There are inflections in the detergent and particu- 
late deposition, desorption, and retention curves at 
the concentration of the phase boundary of the 
Ca**-Na,P,O,,-H,O system. 

Since particulate and detergent removal is en- 
hanced at high tripolyphosphate concentrations in the 
wash bath, it can be inferred that high tripolyphos- 
phate concentrations would be advisable in the rinse 
bath. 
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Abstract 


Some rheological properties of viscose during titration with various salt solutions, 
especially ammonium chloride, have been studied by employing a new automatic tester. 
The principle of the tester is to record automatically the change in viscosity of the 
viscose sample during titration with salt solution; the change in torque required for 
stirring the sample at constant velocity is converted into the change in electrical 
potential by means of a linear variable differential transformer device. From the experi- 
mental results it is concluded that the conventional Hottenroth index method for de- 
termining the degree of ripeness of viscose does not always determine a volume of 10% 
NH,CI solution by which coagulation of the viscose sample just sets in. On the other 
hand, it has been found that viscose with ammonium chloride solution added manifests 
a thixotropic nature, and a new rheological interpretation has been put on the Hottenroth 
index method; it measures a volume of 10% NH,CI solution by which a viscose sample 


becomes notably thixotropic. 


Introduction 

In a previous paper [4], a change in viscoelastic 
behavior of viscose during its ripening was studied 
by means of an electromagnetic transducer, and it 
was concluded that the most suitable degree of ripe- 
ness for spinning deduced from a viscoelastic stand- 
point agreed well with that which had been decided 
by conventional industrial control methods such as 
falling-ball viscosity and Hottenroth index methods. 
The latter is a colloidal method to determine the de- 
gree of ripeness of viscose [5, 6] and is used exten- 
sively in industry, since it is more practical and 
simpler than chemical methods. In this method, the 


as the exact volume 


(ml.) of 10% NH,ClI solution needed to cause coagu- 


Hottenroth index is defined 


lation of a viscose sample. As shown below, how- 
ever, it is not always true, and the principle on which 
the Hottenroth index method is based has not yet 
been understood clearly. 

The present paper is concerned with the rheological 
behavior of viscose with salt solutions added, espe- 
cially with thixotropy observed in viscose with am- 
monium chloride solution added, the purpose being 
to put a rheological interpretation on the Hottenroth 


1 Present address: Nagoya Mill, Dainihon 
Paper Mfg. Co., Ltd., Nagoya, Japan. 


Transparent 


index method and to contribute to a plan of a new 
automatic tester for determining the degree of ripe- 
ness of viscose. 

Experimental 
Apparatus 


The principle of the apparatus employed in this 
study consists in recording automatically a change in 


the torque caused by stirring a viscose sample in a 


vessel at a constant velocity. By means of this ap- 
paratus, we can follow a change in viscosity of viscose 
during titration with a salt solution. The apparatus 
is somewhat similar in its principle and structure to 
that of 


automatic tester so far as we know, but the operating 


Soenig and Beniers [2], which is the only 
mechanisms are quite different. The stirring veloc- 
ity of our apparatus is constant during a titration. 
Thus we can always measure viscosities at a constant 
rate of shear and can be free from complicated rate 
of shear dependence of the viscosity of viscose, a 
typical non-Newtonian liquid. In Figures 1 and 2, 
a block diagram and an electrical circuit for the ap- 
paratus are shown. 

In Figure 1, a cylindrical vessel made of plastic 
molding is mounted on a rotator. The upper part 
of the rotator forms a disk capable of fixing the 
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vessel, while its lower part forms a hollow cylinder. 
In the center of the cylinder, the rotator is suspended 
with a torsion wire hung from an arm fixed to the 
base to the bottom of this cylinder, and is also sup- 
ported by a couple of frictionless pivots at its top 
and bottom in order to avoid transverse motion. 
When the sample in the vessel is stirred by a stirrer 
connected with a synchronous motor at a constant 
velocity, the vessel and the rotator are twisted to an 
equilibrium position at which the torque in the wire 
balances with that causing the sample to shear. Since 
the angle of the twist is proportional to the torque, 
we can convert a change of this torque into a change 
of electrical potential by employing a linear variable 
differential transformer device, whose top view is 
shown in Figure 3. There are two transformers 
(one at the left and at the right side of the cylinder) ; 
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their cores are connected to sufficiently long arms 
united with the cylinder and can shift in proportion 
to the twist of the cylinder. The output from the 
transformers is recorded automatically by a recorder 
or indicated by a voltmeter after being amplified. 

The relation between the torque and the reading 
of the recorder was determined by using a standard 
spring of known stiffness; it was found to be linear 
except for the first part, as shown in Figure 4. 
By using this relation, a reading of the recorder in 
milliamperes can directly be converted into a torque 
in gram-centimeters. The apparatus is also pro- 
vided with a special pump to keep a constant flow 
rate of salt solution from the burette and with a de- 
vice to stop the flow at any appointed torque. 

As in a usual procedure, the viscose sample, un- 
diluted or diluted, is put into the vessel, stirred, and 
then titrated with a salt solution at a constant rate 
of about 2 ml./min. A change in torque is recorded 
automatically. Two examples of the recording ob- 
tained by this apparatus with young and old viscose * 
diluted with water at the ratio of 2:3 in weight are 
shown in Figures 5 and 6. The salt solution em- 
ployed here is 10% NH,CI solution, as in the usual 
Hottenroth index method. The ordinate and abscissa 
of the figures represent the torque in milliamperes 
and the volume of the solution in milliliters, respec- 


tively, and arrows on the curves indicate the Hotten- 
2It is our custom to call viscose having low degree of 
ripeness (or large Hottenroth index) young viscose, and one 
having high degree of ripeness old viscose. 
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roth index determined independently by the usual 
procedure * with the same viscose. The two: curves 
in the figures are very different in shape from each 
other, suggesting that the old viscose is more sensi- 
tive to the salt than the young. Such a curve of 
torque drawn against the volume of salt solution 
will be designated as a coagulating curve hereafter. 

The accuracy and reproducibility of our apparatus 
are very satisfactory. The error due to the apparatus 
itself is less than 1% and is small enough as com- 
pared with some other experimental errors. Thus, 
successive titrations with the same viscose sample 
under the same conditions always give practically 
the same results. Furthermore, we could not find 
any appreciable fluctuation of the zero point during 
continuous usage for several months. 


Sample 


The sample viscose used in this study was that for 
a regenerated cellulose film industry and was not 
very different from that for a rayon industry. The 


total alkali content of the viscose was about 5.8% 
and its cellulose content was about 8.0% 
of time of sampling. 


independent 


In some cases, the. viscose was used in an undiluted 
state; in other cases, it was used after being diluted 
with water as in the conventional Hottenroth index 
method (viscose 20 g.; water 30 ml.). 

The measurements were always carried out in 
an air-conditioned room at 23° C. 


Results and Discussion 


Coagulating Curves Obtained with Various Salt 
Solutions 


In order to compare the coagulating effect of vari- 
ous salt solutions, coagulating curves were obtained 
with viscose having a Hottenroth index as low as 
4.8, since older viscose would give a sharper coagu- 
lating curve than the young. 
marized in Figure 7. 


The results are sum- 
The choice of the salt solution 
is not only arbitrary but also rather restricted. 

The coagulating curve of 10% NH,Cl solution was 
obtained with diluted viscose. The torque increases 

3 In the usual procedure employed by us, a sample of 20 g. 
of viscose, diluted with 30 ml. of water, is titrated with 10% 
NH.,Cl solution under vigorous stirring with a glass rod. 
When the glass rod is temporarily raised from the solution 
during the titration, a small amount of solution adhering to 
the rod flows down very quickly at the beginning of the titra 
tion, and then more and more slowly as the titration pro- 
ceeds until it reaches a point where no viscose drips. This 
point is regarded by us as the end point of the titration, 
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gradually up to around 6 ml. of the salt solution, and 
then increases very rapidly to give a comparatively 
sharp bending. The curve of 20% ZnSO, solution 
obtained with diluted viscose is rather monotonous 
in its shape, except for a hump in the neighborhood 
of 4 ml. of solution. This hump is attributable to 
the fact that the coagulation of a viscose sample by 
ZnSO, solution does not occur uniformly due to the 
very great coagulating power of this salt; as soon as 
the solution drops on the viscose sample, a local 
coagulation takes place, and a coagulate of zinc 
xanthate, like half-boiled egg, adheres to the stirrer. 
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Hence, the original recording has many fine jags 
and is not so smooth as the curve shown in the figure, 
which is reproduced by neglecting such jags. 

On the other hand, the coagulating curves of 20% 
NaCl and 15% KCI solutions were obtained with 
20 g. of undiluted viscose. The coagulating powers 
of these salts are so weak as compared with those 
of the above two salts that the coagulating curves 
decrease in the early stage of the titration due to a 
predominant diluting effect of the solutions, notwith- 
standing their higher concentration. A rapid in- 
crease of the torque takes place only after much solu- 
tion is added. 

Three different types of coagulating curves ob- 
tained here are naturally expected by considering 
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different coagulating effects of these salts upon vis- 
cose. Sodium and potassium chlorides coagulate 
viscose by a purely electrolytic action, i.e., by in- 
creasing the ionic strength to the point where the 
xanthate ions are sufficiently shielded from each other 
to permit coagulation. On the other hand, ammo- 
nium chloride, in addition to its effect as an electro- 
lyte, also decreases the alkalinity of the solution by 
reacting with alkali in the solution. This leads to 
a reduction of the stability of viscose to coagulation 
just as in the case of aqueous solution of purified 
xanthate [3]. The strong coagulating effect of zinc 
sulfate mentioned above is due to these two mech- 
anisms plus the third factor, that of the formation 


of slightly soluble zinc xanthate. This formation of 
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zinc xanthate occurs very quickly and locally at the 
place where ZnSO, solution drops, and strong floc- 
cules of zinc xanthate are imbedded in the rest of the 
solution, which is now of low viscosity. Therefore, 
the viscosity of the over-all solution does not increase 
so rapidly despite the very strong coagulating power 
of this salt. 


As seen from these results, ammonium chloride 


solution gives the sharpest coagulating curve, and 


appears to be the most suitable for determining the 
degree of ripeness. It will be noticed here, however, 
that the Hottenroth index determined by the usual 
method does not always coincide with the break 
point of the coagulating curve. For example, the 
coagulating curves are shown in Figure 8 for various 
viscose samples differing only in their degrees of 
ripeness from one another. The solid circles on the 
curves show the Hottenroth index determined inde- 
pendently by the usual procedure for the same vis- 
cose samples. It is clear from the figure that the 
value of the torque corresponding to the Hottenroth 
index increases in the early stage of ripening and 
then inversely decreases after passing a maximum. 
It is very difficult, therefore, to find a simple relation 
between the Hottenroth index and corresponding 
In other words, the Hottenroth 
index cannot be determined by only following the 
change in torque or viscosity. The Hottenroth index 


NH,C1 solution 


which just causes the coagulation of the sample vis- 


torque or viscosity. 


is defined as a volume of a 10% 


cose, but it is obvious from the above results that 
the coagulation does not set in abruptly but rather 
gradually, and that the Hottenroth index does not 
always coincide with a volume of 10% NH,C1 solu- 
tion by which a comparatively abrupt change in 
torque or a comparatively abrupt coagulation takes 
place. 


Thixotropy in Viscose with Ammonium Chloride 
Solution Added 


As mentioned above, the usual method for deter- 
mining the Hottenroth index does not always de- 
termine the volume of 10% NH,C1 solution by which 
an abrupt change in torque or coagulation takes 
place. Nevertheless, it will always afford reproduc- 
ible results with considerably high accuracy, though 
appreciable personal errors are inevitable. This fact 
is suggestive of the existence of an unknown pe- 
culiar behavior in viscose with ammonium chloride 


solution added. We presumed this behavior to be 
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thixotropy, and have been able to confirm it experi- 
mentally as described below. 

Both the empirical fact that the velocity of a ball 
falling through viscose in a falling-ball viscometer is 
the lowest at the first measurement and the experi- 
mental result [1] that the viscosity of viscose de- 
creases after filtration suggest that viscose itself has 
thixotropic nature. However, this thixotropy is 
rather slight, and it takes a long time for the recov- 
ery of thixotropic structure broken under shear. 
In other words, the thixotropy of viscose itself can 
be observed only by long time-scale experiments. 
It has been observed, on the other hand, that viscose 
added 


very remarkable thixotropy even in a short time. 


with ammonium chloride solution manifests 


3y employment of our apparatus, when a titration 
with 10% 


the neighborhood of the Hottenroth index of a sam- 


NH,CI solution is stopped suddenly in 


ple viscose and only the stirring is continued, the 
torque attains an equilibrium value 7, at once, and 
keeps it for a while.* In this stage, the stirring also 
ceases abruptly and the sample is allowed to stand 
for several minutes. After this standing duration, 
the stirring is begun again. The torque instantane- 
ously attains a value 7, much larger than 7 9, then 
decreases almost exponentially with time until it 
reaches a somewhat higher equilibrium value 7, than 

* Since the coagulation of viscose with added salt solution 
proceeds more rapidly than with the pure viscose, the torque 
minutes after the stirring is ceased. The 
more solution is added, the more rapidly the torque in 
creases, and when the solution is added near the Hottenroth 
index level, the torque even if the 
continued, 


increases a few 


increases stirring is 
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T,. The difference between 7, and T,, AT, corre- 
sponds to a torque required for the disruption of 
thixotropic structure formed during the standing 
duration. In Figure 9 the change in torque just 
described is shown schematically. The longer the 
standing duration, of course, the stronger the thixo- 
.tropic structure, and the greater the increment of 
torque, AT. 

As an actual example, the change of 7, and T, 
with the standing duration is shown in Figure 10 
for a diluted viscose sample having the Hottenroth 
index 7.7. T, and T, were measured after addition 
of 8.2 ml. of 10% NH,CI solution to the sample 
viscose. It is clear from the figure that both 7, 
and 7, increase with increasing standing duration, 
and that the former does so more rapidly. There- 
fore, AT also increases with the increasing standing 
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duration, as is shown in Figure 11. Thus, the longer 
the standing duration, the more remarkable the 
thixotropy. 

From the standpoint that the usual procedure for 
determining the Hottenroth index probably utilizes 
this thixotropic nature ingeniously, the relation be- 
tween AT and the volume of 10% NH,C1 solution 
added to viscose was examined with four viscose 
samples ripened to different extents. In this experi- 
ment, the standing duration was chosen arbitrarily 
The 
figures on the curves represent the Hottenroth index 
by the usual method, varying from 9.2 to 4.8. As 
seen from the figure, AT is not measurable unless 
the ammonium chloride solution is added to a volume 
near the Hottenroth index of each sample. 


as 1 min.; the results are shown in Figure 12. 


In other 
words, thixotropy develops only after the titration 
progresses near the Hottenroth index. Furthermore, 
the older the viscose, the more rapidly AT increases. 
This shows that older viscose becomes more remark- 
ably thixotropic than the younger by addition of a 
small amount of the salt solution, and agrees very 
well with an empirical fact that the accurate deter- 
mination of the Hottenroth index by the usual proce- 
dure is very easy for older viscose, while it is very 
difficult for the younger. 

It follows from the above results that the usual 
procedure for determining the Hottenroth index 
measures a volume of 10% NH,Cl solution by which 
viscose becomes notably thixotropic. It is very in- 
teresting that viscose is capable of formation of such 
a stable thixotropic structure before it coagulates 
into a very strong gel. Such a phenomenon of thixo- 
tropy may be attributed to the decrease in alkalinity 
The de- 
crease in alkalinity will lower the solvent power of 


of the sample solution as described above. 


the aqueous solution, permitting the formation of 
strong hydrogen bonds between cellulose xanthate 
molecules. These hydrogen bonds will become in- 
creasingly difficult to break instantaneously, but their 
formation will not occur so quickly as compared 
with the formation of slightly soluble zinc xanthate. 
Hence a comparatively strong network structure due 
to the hydrogen bonds will be built u;, not locally 
but uniformly throughout the solution. Such a con- 
tinuous network structure will gradually be broken 
by a shear and reformed after disappearance of the 
shear. This may be a reason why the remarkable 
thixotropic behavior can be observed in solutions of 


ammonium chloride. We are now carrying out a 
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further investigation on the thixotropic nature of 
viscose and on a practical application of our appa- 
ratus to determine the Hottenroth index of viscose 


in the rayon industry. The results will be published 
in the near future. 
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The Nature of Tenaciously Bound Soil on Cotton’ 
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Abstract 


A serious problem in drycleaning and laundering is the progressive deterioration in 
the appearance of fabrics caused by the gradual accumulation of unremoved and re- 


deposited soil. 


Electron micrographs of natural soil in situ were taken to determine 
the identity and particle size of this material. 


These electron micrographs suggest that 


clay minerals 0.02-1 in diameter are the major particulate material causing soil 


build-up on cotton fibers. 


Properties of clay minerals which contribute to their form- 


ing strong bonds with cotton fibers are discussed. 


Introduction 


A serious problem in drycleaning and laundering 
is the progressive deterioration in the appearance of 
fabrics. They become dull, dingy, and unattractive. 
This is caused by a gradual accumulation of unre- 
moved and redeposited soil. Electron micrographs 
of natural soil in situ on cotton fibers were made to 
determine the identity and particle size range of the 
particulate 
procedures. 


soil unremoved by normal 


cleaning 

The literature on soiling and redeposition has been 
well summarized by both Getchell [1] and Schwartz 
[8]. The lack of information on the chemical com- 
position and particle size of redeposited soil was 


1 Presented before the Cellulose Division at the 135th 
National Meeting of the American Chemical Society, Boston, 
Mass., April 9, 1959. 


noted by both Getchell [1] and Kramer [7]. Some 
excellent electron micrographs of carbon black, dust, 
and iron oxide on cotton and wool fibers have been 
published by Kling and Mahl [6] and Gétte, Kling, 
and Mahl [2]. Most published observations on soiling 
and redeposition, however, have been based on model 
systems employing artificial soils such as carbon 
black, colloidal graphite, ilmenite, iron oxide, or 
some similar material. 


Experimental 


Most of the electron micrographs are carbon 
replicas of the cotton fiber surface. Specimens were 
shadowed under vacuum with vaporized carbon. 
The carbon casts were separated from the fiber by 
soaking the carbon coated cloth in a 50/50 by volume 


ethanol/water mixture and then dipping in strong 





Electron micrograph of a surface replica of soot 
on a cotton fiber. 


Fig. 2. Electron micrograph of a surface 


graphite stain on a cotton fiber. 


replica of a 


sulfuric acid. The resulting violent exothermic re- 
action separated the carbon replica from the fiber. 
Figure 1 is black, the 


material used in detergency studies. 


carbon most common 
Carbon black 
can be obtained commercially in a number of particle 
sizes. This electron micrograph was made to de- 
termine the particle size of naturally occurring ma- 
terial that might remain attached to cotton. 

The specimen was prepared by rubbing industrial 
The 
stain was then soaked with a liquid detergent and 


soot into a piece of clean cotton cloth. soot 
rubbed vigorously to remove as much of the soot as 
possible. The cloth was rinsed free of detergent 
with distilled water. The remaining stain was only 
faintly visible to the eye. 


However, the electron micrograph shows a heavy 
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Fig. 3. Electron micrograph of a surface replica of kaolinite 


particles on a cotton fiber. 


Fig. 4. Electron micrograph of bentonite. It is com- 
posed mostly of the clay mineral montmorillonite, which has 
very small crystals. 


concentration of carbon particles which are relatively 


homogeneous in size. Notice the tendency of this 
material to form chains; this is typical of carbon 
black. These particles vary from about 60 to 150 mu. 
This particle size range corresponds to the com- 
mercial thermal blacks and is larger than most car- 
bon black used in detergency studies. 


Figure 2 is a graphite stain from a T-shirt. 


This 
stain was quite heavy and had survived numerous 
washings. The fibers were degreased in carbon 
tetrachloride before the electron micrograph was 
taken. The graphite is present as thin plates and 
the smaller graphite flakes are roughly hexagonal. 
The interesting thing about this micrograph is the 
large size of some of the graphite particles that were 


not removed by laundering. The largest particle 
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near the center of the field is 2.5, at its widest 
dimension ; most of the smaller graphite crystals are 
about 125-300 mz. 

Figure 3 is the clay mineral kaolinite deposited on 
a clean cotton fiber. Notice the size of the clay 
particles in comparison to the fibrils. The fibrils are 
about 15-30 mp in diameter, while the clay particles 
vary from 60 to 600 mp. This material was applied 
by dipping the cloth in a dilute slurry of clay and 
water and rinsing the excess off with distilled water. 
No attempt was made to remove the clay by washing. 

Most clay minerals occur as pseudohexagonal 
plates. Figure 4 is bentonite. The chief clay mineral 
occuring in bentonite is montmorillonite, which has 
very small crystals. 
have other shapes. 


However, some clay minerals 
Figure 5 is the clay mineral 


attapulgite ; it has a lathlike structure. Attapulgite 


is not widely distributed, but is found mainly in 


Georgia and Florida and is used extensively as fullers 
earth. A common clay mineral which is rod-shaped 
is halloysite. Actually, halloysite is a thin plate 
which is curled to form a tube but gives the ap- 
pearance of being a rod. Figure 6 is an electron 
micrograph of Ohio glacial till showing typical clay 
particles that make up soil. 

Figure 7 shows a cotton fiber taken from a freshly 
washed but heavily deposited four-year-old T-shirt. 
The reflectance of this shirt dropped from an original 
value of about 91% down to 65% 
The “b” value on the Gardner Color 
Difference Meter was about + 3, which indicates that 


material is present which is causing yellowing. This 


because of soil 
build-up. 


fiber is coated with amorphous organic material. A 


Fig. 5. 


Electron micrograph of the clay mineral attapulgite 
showing its lathlike structure. 
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number of particulates are present, but they are 
obscured by organic material so that their shape or 


size is not well defined. 

Figure 8 is a fiber from the same T-shirt which 
had the organic material removed with fat solvents. 
This fiber is heavily deposited with a variety of 
rod- and plate-shaped particles. They vary in size 
from about 30 to 750 mp, but the majority are be- 
tween 100 and 200 mu. 

Figure 9 is 


a cotton fiber from an 


Indianhead 
towel which was included in ten normal wash loads 
to study the type of material absorbed by cotton 
from the wash bath. This material was removed 
from dirty clothes and then redeposited on the clean 


cotton surface of the towel. The larger dense gummy 


Fig. 6. Electron micrograph of Ohio glacial till showing 


typical clay particles present in soil. 


Fig. 7. Electron micrograph of a surface replica of a 
soiled cotton fiber. The fiber surface and particulate material 
on the fiber are obscured by amorphous organic material. 
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areas are pieces of cotton fiber which adhered to the 
carbon replica. The large particle near the center is 
clay or graphite and is about 1» at its widest di- 
mension. The smaller particles are primarily small 
clay flakes that average about 100my. Notice that 
some of these particles are rod shaped. 

Figure’ 10 is a lateral section of a cotton fiber 
showing that the material causing soil build-up has 
not penetrated the fiber. The surface of the fiber 
separated from the main part of the fiber during 
sectioning. 

Discussion 


These electron micrographs strongly suggest that 
under average conditions clay minerals are the major 
particulate material that contributes to soil build-up 
on textile fibers. Even without visual proof, clay 
minerals have a number of properties that make them 
suspect. 

What are the clay minerals? Grim [3] states 
that the clay minerals are a small group of minerals 
which are “essentially hydrous aluminum silicate 
with magnesium or iron proxying wholly or in part 
for aluminum in some minerals and with alkalies or 
alkaline earths present or essential constituents in 
some of them.” 

These minerals are so named because they com- 
pose the major part of clay and contribute most to 
its properties. Some of the more common clay 
minerals are kaolinite, halloysite, montmorillonite, 
and illite. A typical analysis of some clay minerals 
is given in Table I. 

No significance should be placed on minor dif- 


Fig. 8. Electron micrograph of a surface replica of a 
heavily soiled cotton fiber. Most of the deposited materials 
are clay minerals, 


TEXTILE RESEARCH JOURNAL 


ferences in the analysis of these minerals because 


their content will vary considerably depending upon 
where they were obtained. 


Notice, however, that 
kaolinite is rich in aluminum, attapulgite in magne- 
sium, and illite in potassium. 

Clay minerals are very small. Their upper size 
limit is about 2; most non-clay minerals do not 
break down to particles smaller than 1 ». The lower 
size limit for discrete particles of the finer clays is 
about 20 mp [3]. 

Clay minerals are thin in at least one dimension ; 
in their maximum dimensions they may be pseudo- 
hexagonal, lath, or rod-shaped. Some types of 
montmorillonite are only 2 my thick. The ratio of 
areal diameter to thickness may be as large as 100- 


Fig. 9. Electron micrograph of a surface replica of re- 
deposited soil from wash water on a cotton fiber. The dense 
gummy areas are pieces of cotton fiber which adhered to the 
carbon replica. 


Fig. 10. Lateral section of a cotton fiber showing that the 


soil has not penetrated the fiber. 
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300 to 1 [3]. This presents a large surface area per 
mass, which makes an ideal adsorptive surface. 

Typically, clay minerals are referred to as being 
colloidal, and most clay particles are colloidal in 
more than one dimension [4]. The colloidal range 
extends from about 3 to 200 mp. Discrete clay 
particles are generally less than 100 my thick and if 
thicker are easily broken down into thin flakes or 
plates. 

Clay minerals have an active surface and are 
capable of ion exchange. Exchange capacity varies 
with the type of clay mineral. Kaolinite has rela- 
tively low exchange abilities (3-15 meq. cation ex- 
change capacity per 100 g.) and montmorillonite is 
high (80-150 meq. per 100 g.). The common ex- 
changeable cations are Ca**, Mg**, H*, NH,4*, and 
Na‘; the common exchangeable anions are SO,~, CI, 
PO,*, and NO;"[3]. 

Clay minerals absorb pigmented organic material 
to give a gray or black appearance. A very small 
amount of organic material may have a strong 
pigmenting effect [3]. Inorganic materials such as 
iron oxide also color clay. The use of clay to remove 
color bodies from organic materials is well known. 

Clay particles are ideal particles to adhere firmly 
to textile fibers because they are small, behave as 
colloids, have an active surface, and probably what 
is most important, have a large surface area in 
proportion to their mass. 

Because clay minerals are ubiquitous, readily re- 
duced to their ultimate particle size by agitation in 
water, and are naturally pigmented or can become 
pigmented by absorbing organic matter, they are 
suspect as a major cause of soil build-up and re- 
deposition and the resulting deterioration in the ap- 
pearance of the fabric. 

In general, the smaller a particle the stronger it 

TABLE I. Typical Analyses of Clay Minerals 
Mont- 


morillo- 
nite 


Atta- 


Kaolinite pulgite 


Nw 


45.4 oi. 5 
38.5 19. 1 
0.8 0. 


( 


—) 


0.1 3.2 
0.1 1.6 
0.1 


trace 


Ne oe 


— IoD 
wmNmN Os 


24.0 


— 
> 
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will adsorb to the fiber surface. But the geometry 
of the particle also has an effect. Carbon black, 
which has a minimum of surface in contact with the 
fiber because it is roughly spherical or ellipsoid, will 
not be as strongly absorbed as a thin plate of clay or 
graphite of the same mass. 

Accumulation of soil in the rugosities of the cotton 
fiber surface does not seem to be an important 
mechanism in soil retention, since the majority of 
the soil particles are about 100-200 myp and the 
upper limits of the rugosities are about 50 mp [10]. 
This agrees with the conclusions of Kling and Mahl 
[6] and Shuttleworth and Jones [9] for artificially 
soiled fibers. 

Adsorption of the particles to the fiber surface 
is the chief attachment. Whether 
Van der Waals, or 
hydrogen bonds is a matter of speculation; probably 
all three types of adsorptive bonds are involved. 

The amount of organic material that can collect 
on a fiber is surprising; one would assume a priori 
that most of the fatty material would be removed 
during washing. 


mechanism of 


these forces are Coulombic, 


This organic material may act as 
a matrix to entrap and hold particles even bigger 
than 1 or 2p. 

Hemmendinger and Lambert [5] state that “The 
primary cause of degradation of whiteness in de- 
tergency is yellowness.”” One source of this yellow- 
ness is probably the natural color of clay minerals 
and the accumulated organic layer. 


Conclusions 


Clay minerals are a major cause of soil build-up 
and redeposition on cotton fibers. 

The size of most of the strongly adsorbed particu- 
lates varies from 20 mp to 1 pw. The average particu- 
late is about 100 mp in diameter. 

Soil build-up is a surface adsorption phenomenon 
and the particulates do not normally penetrate the 
fiber, 

The rugosities of the cotton fiber surface do not 
seem to be important in holding the soil particles bh: 
cause the particulates in most cases are larger than 
the upper limits of the rugosities. 

A large amount of organic material may accumu 
late concurrently with the build-up of particulate 
material on the cotton fiber. 

The organic material and the natural color of th 
clay minerals contribute to the yellowing that ac 


companies greying in soil build-up on cotton. 
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The Preparation and Properties of Partially 
Phosphonomethylated Cotton 


Stanley R. Hobart, George L. Drake, Jr., and John D. Guthrie 


Southern Regional Research Laboratory,’ New Orleans, Louisiana 


CHEMICAL reactions of cotton to produce cel- 


Until 
recently, phosphorus-containing compounds which 
have been chemically reacted with cotton have pro- 


lulose esters and ethers are numerous. 


duced products which have an ester linkage between 
the phosphorus and the cellulose. Examples of 
these are phosphorylated cotton [3, 5, 10], produced 
by curing cotton with a mixture of phosphoric acid 
and urea, and phosphatoethyl cotton [2], prepared 
by reacting a mixture of sodium 2-chloroethyl phos- 
phate and sodium hydroxide with cotton. 

The preparation of a new phosphorus-containing 
ether of cotton cellulose, phosphonomethyl cotton, 
has been described recently [4]. This is a partial 
ether_of cellulose prepared by the reaction of chloro- 
methylphosphonic acid with cotton in the presence 
of sodium hydroxide. The reaction 


may be rep- 


resented as 


Cell OH + CICH,P(O) (OH), + 3 NaOH 
~» Cell OCH2P(O)(ONa)s + NaCl + 3H,0 


1 One of the laboratories of the Southern Utilization Re- 
search and Development Division, Agricultural 
Service, U. S. Department of Agriculture. 


Research 


Inasmuch as the reaction of chloromethylphosphonic 
acid with cotton took place readily, it was decided 
to investigate the reaction further, to demonstrate 
that commercial-scale equipment could be used for 
the processing, and to evaluate the product. 

The degree of substitution may be controlled by 
varying the concentration of reactants and the re- 
action conditions. Properly controlled phosphono- 
methylation produces a permanently starched effect 


MOISTURE CONTENT, % 


A- UNTREATED 
@- NaOH CONTROL 
C- PHOSPHONOMETHYL ATED 


800 1000 
TIME, min 
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even at moderate degrees of substitution. A high 

degree of phosphonomethylation brings about radical 

changes in fabric properties, including water solubility. 
New chemical properties obtained are cation ex- 

change and, in the ammonium 

resistance. 


form, flame 
The phosphorus introduced into cotton 
by phosphonomethylation is more firmly bound than 


salt 


in phosphorylated or phosphatoethyl cotton by virtue 
of the direct phosphorus-to-carbon linkage [7]. Full 
and uniform dyeings may be obtained with basic 
dyes. Furthermore, the presence of the acid groups 
presents an opportunity for further chemical modi- 


fication of the cotton. 


Experimental 
Materials and Methods 
The fabrics used were standard types 4.8 0z./sq. 
yd. 48 x 48 cotton sheeting and 3.3 0z./sq. yd. 


80 x 80 cotton print cloth which had been desized, 
scoured, and peroxide-bleached. 


The chloromethylphosphonic acid and sodium hy- 


droxide were commercial grade materials. 
Preparation of the treating solution consisted of 
mixing, and B. 
Solution A was made by dissolving 16.25 Ib. of 
NaOH in 30.2 lb. of water and allowing to cool 
overnight. 


with cooling, two solutions, A 


Solution B was made by dissolving 3.3 
lb. of chloromethylphosphonic acid in 8.2 lb. of water 
and neutralizing by adding a solution of 2 lb. of 
sodium hydroxide in 5 Ib. of water while keeping 
the temperature below 20° C. 
added Solution B while keeping the 
temperature below 20° C. with cooling. 


Solution A was then 
slowly to 
The final 
O.8% 
disodium salt of chloromethylphosphonic acid and 
NaOH. Fabric was padded through the 
solution immediately to minimize the possibility of 


solution weight was 65 Ilb., consisting of 
5% 


removal of the chlorine atom by hydrolysis prior to 
use. Commercial scale equipment was used for 
processing the fabric. 

The textile tests were performed under controlled 
conditioning of 70° F. RH. Standard 


methods were employed for the following tests: dry 


and 65% 


crease recovery angle by the Monsanto method [la] ; 
tearing strength by the Elmendorf [lb] and tongue 
[lc] methods; breaking strength, 
elongation at break, weight, thickness, and yarns 
per inch [lc]; flex abrasion resistance by the Stoll 
method [ld]; air permeability [le] using the 
Permeometer; and stiffness by the Tinius Olsen 


raveled strip 
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method |12a]. Flame retardancy was measured 
both by the standard vertical test [12b] and by the 
Guthrie strip test method [9]. The latter consists 
in igniting the end of a l-cm. wide strip of fabric 
held by one end with the fabric surface vertical and 
determining the angular position at which it must be 
held for the flame to go out. For example, if a 
strip is held vertically by the bottom and the flame 
goes out when it is ignited at the top, it is said to 
have passed the 0° flame test, which requires very 
little other hand, if the 
same strip is rotated through 180° and the flame 
goes out when it is ignited at the same end (now 
the bottom), it is considered to have passed the 
180° flame test and has the highest degree of flame 
resistance, 


flame resistance; on the 


If the flame goes out when the strip is 
held with the long edge horizontal and the fabric 
surface vertical it is said to have passed the 90 
flame test and to be moderately flame resistant. 
Strips of the cloth prior to the treatment burned 
continuously even when held vertically and ignited 
at the top. Samples which pass the 135° angle test 
generally pass the standard vertical flame test. 

Phosphorus was determined by the colorimetric 
reduced molybdate method after digestion with sul- 
furic acid and hydrogen peroxide [8]. 

The samples were prepared for moisture equilibra- 
tion from the dry state by drying in a forced draft 
oven at 110° C. for 40 min. 


the wet state the samples were soaked in distilled 


For equilibration from 


water overnight and passed through the laboratory 
These 
samples were then hung in a room conditioned at 
65% RH and 70° F. and weighed periodically, 
thereby determining the rate of moisture equilibration. 


pad rolls once’ at number 1 squeeze setting. 


Treatment of Fabrics 


One hundred yards of 80 x 80 print cloth and 
25 yd. of 48 « 48 sheeting were padded through the 
treating solution twice to obtain a total wet pick-up 
of 139%. The fabrics were heated on drying cans 
at 125 The 
wash consisted of 6 ends cold running tap water 
(pH 10) and 6 ends hot tap water (170° F.); the 


pH of the water from the final wash was then the 


C. for 13 min. and washed on the jig. 


same as that of the tap water. The wet fabric was 
passed through squeeze rolls using maximum pres- 
sure to 


remove This was followed 


by drying on the tenter frame to a width of 35 in. 


excess water. 


Fabric widths for the 80 x 80 print cloth during 
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the processing were initially 36%4 in., 35 in. after 
padding and before curing, and 32 in. after washing. 
The width of the 48 x 48 sheeting was 3614 in. 
initially, 344% in. after padding, 31 in. after curing, 
and 31% in. after washing. 

Twenty-two yards of half width phosphonometh- 

ylated print cloth and 4.5 yd. of half width phos- 
phonomethylated sheeting were treated together a 
second time with the same solution, which had aged 
overnight at 7° C. They were padded through the 
solution twice on the 20-in. laboratory pad rolls, 
obtaining a wet pick-up sufficient for the solution to 
be dripping from the fabric roll. They were then 
passed over drying cans at 125° C. for 13 min. and 
washed on a winch. The washing consisted of 4 
5-min. cold water washes, 2 10-min. hot water 
(170° F.) washes, and an additional cold water 
wash. Excess water was removed by squeezing 
with the pad rolls and the fabrics dried on the tenter 
frame. 
After washing, the twice treated fabrics were 
highly swollen and very slick, making them difficult 
to maneuver on the tenter frame. The drying was 
very slow, particularly for the sheeting. 

For comparative purposes sodium hydroxide con- 
trol fabrics were also prepared. One hundred yards 
of 80 x80 print cloth and 30 yd. of 48 x 48 sheeting 
were padded twice through 25% NaOH obtaining 
a total wet pick-up of 135%. They were dried on 
the cans at 125° C. for 13 min. The washing on the 
jig consisted of 4 ends in cold running tap water, 
4 ends in hot tap water (170° F.), 2 ends in cold 
running tap water, souring in 0.5% acetic acid, 4 
ends in cold running tap water, and 3 ends in hot 
tap water. The fabrics were dried and pulled out to 
a width of 35 in. on the tenter frame. The 80 x80 
print cloth was 36%, in. wide initially and 31 in. 
wide after washing. The 48 x 48 sheeting was 36% 
in. wide initially and 32 in. wide after washing. 

The phosphonomethylated fabrics obtained were 
largely in the sodium salt forms. Samples were con- 
verted to the ammonium and copper salt forms by 
way of the free acid form. The acids were made by 
soaking the fabrics in 5% HCl for 1 hr. and then 
soaking in distilled water for 2 hr. to remove the 
greater portion of the excess HCl. The ammonium 
salts were made by soaking the acid form in 5% 
NH,OH solution for 1 hr., rinsing in distilled 
water, and air-drying. The copper salts were made 
by soaking the acid form in 5% copper acetate solu- 
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tion for 1 hr. and soaking in 3 changes of distilled 
water over a l-hr. time, followed by air-drying. 
Conversion to the copper salts imparted a light blue 
color to the fabric. 


Properties 


The phosphorus contents of the 80 x 80 print 
cloths, phosphonomethylated as described and in the 
sodium salt forms, are 0.72% for the single treat- 
ment and 1.66% for the double treatment; these are 
degrees of substitution of 0.04 and 0.09, respectively. 
Phosphorus contents of the 48 x48 sheetings in the 
sodium salt forms are 0.95% for the single treatment 
and 1.83% for the double treatment; 0.05 and 0.10 
degrees of substitution, respectively. 

The fabric properties of the treated and control 
fabrics are shown in Table I. Single phosphono- 
methylation produced only two significant changes in 
the textile properties. The stiffness of the 80 x 80 
print cloth was increased to 7 times that of the un- 
treated control and the stiffness of the 48 x 48 sheet- 
ing was increased to 40 times that of its untreated 
control. Treatment of 48 x 48 sheeting with NaOH 
alone increased the stiffness by 8 or 9 times. The 
wet crease recovery of cotton was apparently greatly 
improved by phosphonomethylation. When a piece 
of treated fabric was wrinkled thoroughly and then 
put in water, the wrinkles disappeared. 

Several significant changes in the textile proper- 
ties resulted from a double phosphonomethylation. 
Stiffness was greatly increased, especially for the 
48 x 48 sheeting, for which it was 100 times the 
untreated control in the filling direction. Tearing 
strength and dry crease resistance, properties related 
to stiffness, were greatly reduced, especially for the 
48 x 48 fabric, but wet crease resistance was in- 
creased. Breaking strength, however, was not 
greatly altered except for the 48 xX 48 material, which 
was half as strong in the filling direction. Air 


permeability was increased for a single phosphono- 
methylation, but was reduced to 4% and % for the 
80 x 80 and 48 x 48 fabrics, respectively, after the 


double phosphonomethylation. The latter results 
indicate fiber-to-fiber bonding at the surface, which 
probably results from the tendency of the fabrics to 
go into solution at these higher degrees of substitu- 
tion. An unexplained anomaly was the reduction 
of flex abrasion resistance of 80 x 80 print cloth to 
less than half of the untreated control by a double 
phosphonomethylation, whereas the 48 x 48 sheeting 
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underwent a small increase in this property over its 
control by this treatment. 

The firm attachment of the phosphorus of these 
fabrics is shown in Table II for singly phosphono- 
methylated 80 x 80 print cloth. Three samples of 
the fabric were boiled for 3 hr. in water, 2% NaOH, 
and standard soap [11] and soda solution (0.5% 
standard soap and 0.2% sodium carbonate), respec- 
tively, with no attendant lowering of phosphorus 
content. The slight increases in phosphorus content 
may be explained by ion exchange of the sodium 
salt with thc cations of the tap water used for 
washing. 

Figures 1 and 2 show the moisture equilibration 
rates of the sodium salt form of singly phosphono- 
methylated 80 x 80 print cloth from the bone dry 


TABLE I. 
80 X 80 Print cloth 


NaOH 


control 


Phosphono- 
Untreated methylated 

Phosphorus content 

sodium salt form, % 0.72 

Thread count ' t 87 


79 


Breaking strength, 
strip, same T.C. 
as original, lb. 


50.3 
39.8 


Elongation at 9.5 
break, % J 2 


Tearing strength 
Elmendorf, g. 


1360 
956 


1224 
796 


Tongue, Ib. j : 4.4 4.4 
4.0 3.8 


1451 
1066 


Abrasion resist- 
ance, flex, cycles 


1458 
1172 


Wrinkle recovery W 92 66 


phosphono- 
methylated 
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and wet states, respectively, at 70° F. and 65% RH. 
As shown by the curves, the rate of moisture regain 
from the dry state is the same for phosphonomethyl- 
ated cotton as for the untreated and sodium hy- 
droxide controls; however,. the former is more 
hydrophilic and attains a higher final moisture 


content. The loss of excess water from the wet 


TABLE II. Stability of 80 x 80 Phosphonomethylated 
Print Cloth to Alkaline Boil 


After 3-hr. boil in 


Standard 
soap and 
soda 


Before 2% 
boil H,O NaOH 


Phosphorus 


content, % 0.72 0.78 0.76 0.77 


Textile Properties of Phosphonomethylated Cotton 


48 X 48 Sheeting 
Doubly Doubly 
phosphono- 
methylated 


NaOH 


control 


Phosphono- 


Untreated methylated 


1.66 0.95 1.83 
96 $ 5. 54 60 


85 52 


2010 
1100 


3. 5.7 
4. 4.6 
578 
410 


559 


572 834 


85 60 24 26 


angle, dry, deg. 
Stiffness, bending 
moment X10~4, 
in.-lb. 
Weight, oz./yd.? 


Thickness, in. 


Air permeability, 
ft.3/min. /ft.* 


0.0073 


88 


95 


3.62 


0.0077 


123 


74 


37.4 
9.3 


3.79 


0.0080 


105 


58 86 
154.5 11.3 
38.1 2.6 


4.40 4.78 
0.0093 


12 73 


0.0112 


79 


108.0 
20.4 


5.04 


0.0113 


199 


107.2 


5.53 


0.0126 


127 


20 


615.0 


311.6 


5.84 


0.0138 


37 
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state occurs at about the same rate for the phos- 
phonomethyl cotton as for the sodium hydroxide 
control (slightly slower than the untreated cotton) ; 
again a higher final moisture content is attained. 
The well-known phenomenon of attaining a higher 
moisture content on equilibration from the wet state 
than when equilibrating from the dry state was ob- 
served for all of the fabrics. 

The phosphonomethylated fabrics showed some 
flame retardancy in the sodium salt form, but more 
in the ammonium salt form, The flame retardancy 
of the ammonium salts of some phosphonomethylated 
fabrics is shown in Table III. The ammonium salts 
of both the singly phosphonomethylated 48 x 48 
sheeting and 80 x 80 print cloth failed the standard 
vertical flame test. Sufficient flame retardancy for 
passing the standard vertical flame test may be 


TABLE III. Flame Retardancy of Phosphonomethylated 


Cotton Fabrics 


Flame retardancy 


Standard 
vertical 
phorus char 
content,* length, 
Description w// in. 


Phos- 
Strip 

angle, 
deg. 


80 X 80, phosphonomethylated, 
NH, salt 
80 X 80, doubly phosphono- 
methylated, NH, salt 4.0 
48 X 48, phosphonomethylated, 
N H, salt 
48 X 48, doubly phosphono- 
methylated, NH, salt 


B.E.L. 


* In the sodium salt form. 
+ Burned entire length. 


TABLE IV. Effect of Soil Burial on the Breaking Strengths 
of the Copper Salts of Phosphonomethylated Cottons 


Warp breaking strength, strip, lb.* 
Weeks of burial 
Description 


80 X 80, phosphono- 
methylated 

80 X 80, doubly 
phosphonomethylated 


498 45.6 8.1 1.8 0 


46.2 47.5t 


33.4¢ 2.4** 


* For same thread count as untreated. 

+ Untreated breaking strength was 47.5 lb. 
t Only two breaks. 

** Only one break. 
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obtained by a single phosphonomethylation by in- 
creasing the concentration of chloromethylphosphonic 
acid in the reaction mixture to 
phosphorus [4]. 


introduce more 
The doubly phosphonomethylated 
fabrics contained 1.66% phosphorus for the 80 x 80 
print cloth and 1.83% phosphorus for the 48 x 48 
sheeting: they passed the standard vertical flame 
est in their ammonium salt forms. 

Soil burial tests on the 80 x 80 fabrics showed the 
copper salt form to be superior in rot resistance to 
the controls and to the sodium and ammonium salt 
forms. The degree of rot resistance is not, how- 
ever, comparable to that imparted by commercial rot 
resistance treatments. Burial of a limited number 
ot samples of doubly phosphonomethylated 80 x 80 
print cloth in the copper sait form was conducted. 
At the end of 8 of the breaking 
strength of the treated sample was retained. 
Table IV. 


Weathering of these fabrics is in progress, but the 


weeks, 5.2% 
These 
results are shown in 


phosphonomethylated fabrics have not shown any 
advantage over untreated fabric to date. 

Cation exchange capacities for some phosphono- 
methylated 48 x 48 sheetings are shown in Table V. 
The fabric with 3.95% phosphorus content had a 
cation exchange capacity of 2.333 meq./g. This is 
comparable to commercial cation exchange resins. 
These values are in good agreement with the values 
calculated on the basis of the phosphorus content of 
the fabrics. A plot of cation exchange capacities at 
different pH levels for a fabric containing 2.0% 
phosphorus is shown in Figure 3. The two breaks 
in the curve are for the first and second hydrogens 
of the phosphonic acid. The pH at half capacity 
for each of these segments of the curve may be taken 
as an approximation of the pK, of the acid groups 
[4, 6]. For example, in the first segment of the 
curve in Figure 3 the pH at half capacity, and 


consequently pK,, are approximately 2.3. Similarly, 


TABLE V. Cation Exchange Capacities of 48 x 48 
Phosphonomethylated Cottons 


Phosphorus 
content 


sodium salt, 
( 


Cation exchange capacity, 
meq./g. 


‘ Experimental Calculated 


0.34 0.28 
0.59 0.59 
1.00 0.97 
1.31 26 
2.33 
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A- UNTREATED 
@- NoOH CONTROL 
C- PHOSPHONOMETHYLATED 


MOISTURE CONTENT, %% 


1000 1200 1400 1600 
TIME, min. 
Fig. 2. Moisture loss vs. time for wet phosphonomethylated 
80 < 80 print cloth. 


for the second segment of the curve the pH at half 
capacity and pXK,, are approximately 7.0. 


Summary 


Cotton fabrics have been phosphonomethylated on 
commercial scale textile finishing equipment and the 
properties of the treated fabrics evaluated. At suf- 
ficiently high phosphorus contents the fabrics have 
a permanently starched feel and improved wet crease 
resistance. Good flame resistance is observed for 
the ammonium salt form of the fabrics. The treated 
fabrics are more hydrophilic than the controls. 
Stability of the phosphorus content to alkaline treat- 


ments is very high. Considerable improvement over 


untreated cotton is shown by the copper salt form in 
regard to microbiological deterioration. 
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Cord Stresses in Inflated Tires 


Herbert G. Lauterbach! and William F. Ames’ 


E. I. du Pont de Nemours and Company, Inc., Wilmington, Delaware 


Abstract 


In order to calculate the stresses in the cords of an inflated tire, membrane theory is 


applied to the cord body. 


The equation describing the tire surface in terms of tire con- 


struction parameters and cord properties has been given in the literature, but no solu- 


tions have been reported, probably due to its complexity. 


A solution of this equation, 


obtained by numerical techniques on a digital electronic computer, is presented in this 


paper. 


It is shown how this equation is combined with the equilibrium equations of 


the surface and how the force components in the principal directions are determined and 


the cord stresses calculated. 
ing from crown to bead. 


The cord stresses in inflated tires are nonuniform, decreas- 


The deformation of a simple cord network is considered, and it is shown how the cord 


stretch during tire expansion can be determined. 
nonuniform stretch and shrinkage from crown to bead. 
confirmed by experimental x-ray measurements on metal-shadowed cord. 


It is found that the cord undergoes 
These calcuations have been 
It is sug- 


gested that the calculated and observed nonuniform cord stretch and shrinkage during 
tire expansion and curing are a direct result of the nonuniform cord tension. 


Introduction 
Basic Concepts 


The pneumatic tire is a composite of rubber, 
textile cord, and steel, ingeniously combined to 
provide support of load, transfer of power, mainte- 
nance of direction, shock absorption, and riding 
comfort. The heart of the tire is the carcass, con- 
sisting of layers of textile cords interspersed with 
sufficient rubber to provide a cohesive matrix. 
The carcass is covered on its outside with a pro- 
tective layer of rubber. In the sidewall area this 
rubber layer is of about the same thickness as the 
carcass. Its function is to protect the carcass from 
The rubber layer may be much thicker 
than the carcass in the shoulder and tread areas, 
where is provides bruise protection in addition to 
abrasion resistance and road grip. 


abrasion. 


The carcass 
fabric is anchored to two steel hoops called beads 
which seat firmly against the rim and through the 
latter provide the necessary connection between the 
tire and the wheel. The various parts and regions 
of the tire just mentioned [16] are illustrated in 
Figure 1. 

This paper is concerned principally with the 
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carcass of the tire and with the stresses produced 
in its component textile cords by the inflation 
pressure. Since these stresses are influenced by 
the construction of the tire, the nature of the textile 
reinforcement of the carcass and the most common 
present-day method of tire construction will be 
discussed briefly. 

The fabric which makes up the layers or plies of 
the carcass consists of rather closely spaced parallel 
cords loosely interwoven with light, widely spaced 
filling threads. The filling serves only to hold the 
cords together during early stages of fabrication, 
while the strength of the carcass is derived from the 
cords. The cords of modern tires are made up of 
multiple continuous lengths of either nylon or 
rayon filaments twisted into cord form. The 
twisted cord is a flexible structure able to resist 
fatiguing from the cyclic stresses occurring in run- 
ning tires. The strength and the resistance to 
growth or to thermal shrinkage of these cords, par- 
ticularly of those made from nylon, can be en- 
hanced considerably by subjecting the cords to a 
hot-stretching and annealing treatment before use. 
In practice, this treatment is advantageously per- 
formed on the cord fabric while it is being coated 
with the adhesive required to bond it tightly to 
rubber and prior to the application in a calender 
of that thin layer of ‘‘skim’’ or matrix rubber 
which, with the cord, will later form the carcass. 





NovEMBER 1959 


Present-day tires are fabricated by the so-called 
tire expansion process, schematically illustrated in 
Figure 2. The carcass is built on a cylindrical 
drum by applying pieces of the fabric described 
above. The length of each piece equals the cir- 
cumference of the drum. The piece, also called 
layer or ply, is cut so that the cords make an angle 
a with the center line, as shown in Figure 2. The 
layer next following will be identical to the first 
except that its cords will make an angle —a with 
the center line. This process is continued, usually 
reversing the sign of the angle for each successive 
layer, until the carcass has been built up. The 
usual number of layers or plies in a passenger tire 
is four. The carcass fabric is wrapped around the 
beads at each end of the drum. The protective 
sidewall and tread rubber is then applied over the 
carcass. The process which follows is designed to 
bring the tire from its present cylindrical shape into 
its final toroidal shape by expanding it either by 
vacuum or pressure in the manner shown in Figure 
2. One may visualize the expansion process by the 
simplified picture of the beads being pushed to- 
gether while the center is pulled out. In this ex- 
pansion process the cord angle a changes to the 
angle 8, as illustrated in Figure 2. While the cord 
angle a of the cylindrical (or ‘‘green’’) tire is con- 
stant, the angle 6 of the toroidal or expanded tire 
is not constant but changes from point to point. 
Since the cord stresses in the tire are determined by 
the values of 8, it is important to know the relation- 
ship between a and @ as a function of the expansion 
process. This knowledge is also required to deter- 
mine the performance characteristics of the tire 
which are governed by the cord angle. Stability 
and softness are examples of such characteristics. 
In order to construct the tire, the width of the drum 
(also called drum distance or drum setting) must be 
specified in addition to the angle a. These con- 
struction concepts will be used in this paper, but 
detailed discussion of fundamental concepts of tire 
construction will be deferred to later papers. 

The remaining step in fabricating the tire is the 
curing or vulcanization, in which the toroidal tire 
is heated to a temperature sufficient to vulcanize 
the elastomer while the tire is being forced against 
a mold by internal pressure. 

This brief description of the tire fabrication proc- 
ess and of some of the tire constituents has intro- 
duced terminology and physical concepts which will 
be used throughout the following discussion. 


Shoulder 
Region 


— Carcass (cord Body) 


S/dewol! 
Fegion 


Bead Region 


Tire nomenclature. 


Fig. 1. 


oc = Green 

Crown 

Angle 

B= Cured 

Crown 

Angle 

Fig. 2. 


Tire construction and expansion. 


Specific Problem 


The specific problem considered in this paper is 
the calculation of the stress distribution in an in- 
flated but undeflected tire [3, 6, 8,9, 11, 15]. To 
accomplish this, an idealization of the actual tire 
has been adopted. This “‘ideal’’ tire has been par- 
tially discussed in the literature. It has the follow- 
ing properties. 


1. Since the tire carcass is the primary stress 
medium, the existence of the protective rubber layer 
is neglected. Measurements 


of dimensions are 





Fig. 3. Tire construction parameters. 

made on a tire with sidewall and tread rubber. The 
thickness of the protective rubber layer is subtracted 
from the measurements to obtain the carcass di- 
mensions used in the calculations. 

2. The tire carcass is thin-walled, that is, the wall 
thickness is small compared with the over-all di- 
mensions of the carcass. Thus the membrane 
theory of elasticity can be used to describe the stress 
configuration in the tire at equilibrium [8, 9, 11]. 

3. The cords all lie in the same plane. That is, 
the plies are assumed to be coplanar [8, 9, 12]. 

4. The physical properties of the matrix in which 
the cords are embedded are not specifically intro- 
duced into the mathematical formulation. 

5. The cords are assumed to follow a variant of 
the “‘pantographic”’ action- 
formation in which the cords are flexibly linked at 


that is, a network de- 


their intersection points and do not move relative 
to each other at those points as a result of the de- 
formation [7, 9, 12]. 
hinge points is unrestrained. 


Deformation between the 


The method selected [5, 10] involves a mathemat- 
ical description of the tire surface (considered as a 
surface of revolution) in terms of basic tire con- 
struction parameters; the equations of equilibrium 
for this membrane; the equations for the force 
components in the principal directions; and the 
resulting stresses in the cords. 

The solution of this problem in following the 
steps above is not difficult, except for the intract- 
ability of the description of the tire surface. 

Symmetry of the inflated, undeflected tire makes 
it possible to reduce the description of the tire sur- 
face (torus) to the two-dimensional problem of 
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mathematically characterizing the tire meridian. 
The meridian shape (Figure 3) of the inflated tire is 
given [9] as a mathematical expression involving 
such tire construction parameters as cord angle, 
cord extension ratio, and tire dimensions. The 
basic assumptions and derivations are completely 
described in the literature [9,11]. We shall review 
them briefly, show their application and experimen- 
tal check, derive general expressions for the princi- 
pal stresses and the cord tensions, and present cal- 
culations and measurements of 
expanded tires. 


cord strains in 


Results are also discussed. 


The Tire Meridian and Equilibrium 
Equations 

The assumptions of the membrane theory of 
elasticity, for shells of revolution, were used by 
Martin [11] and Hofferberth [9]. The latter 
author found that the meridian shape of the in- 
flated tire carcass (Figure 3) could be mathemati- 
cally expressed as a hyperelliptic integral of the 
form 


Z fiow 





cos*a 


where c, = cord extension ratio as defined [6] 
(assumed constant in the derivation), yg = height 
of maximum section width, rz = maximum tire 
radius, 7, = drum radius, and a = green fabric 
cord angle (with the circumference). 

From the theory of elasticity of this membrane, 
it is well known [5, 9, 10, 11] that the equations of 


equilibrium are 


1 a(7y) 
r, Op 


1 d(Ney) 


al 0g 


a ee ee = 
+ ap + Tcos@ + pay = 0 


07 i 
+ a — Necos¢? + poy = 0 (2) 


Yo Lal 


where Ny = force in the direction of the tangent to 
the parallels, N, = force in the direction of the 
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r 


tangent to the meridians, 7 = Ny, = Ng, = shear- 
ing force, pp =load component in the direction of 
the parallel circle tangent, p, = load component 
in the direction of the meridian tangent, p, = load 
component normal to the surface, and 7, re = radii 
of curvature in the meridian and parallel direction, 
respectively. Hofferberth [8] follows Flugge [5 ] 
and Love [10] in setting 


Ns = (y'/y cos o) Nog 


N (y cos o/y’) N (3) 
Nz y cos o/y’) Ng 


and rewriting Equation 2 in terms of these ‘‘re- 
duced”’ stresses as 


aN 
an 


" oT wd 
“eo +3 


y 


T + V1 + (y’)? pe = 0 


oT . aN, 
+ 


0 ae + boy -— VP = 90 





= , 
N gems 
y 


N, — [1 + (y’)*]p. = 0 
which are more amenable to solution. Here we 
have used the standard notation 


_ d’y 


y! we. dy yy"! 
dz” 


a . 


Tire Meridian Contour 


Computational Techniques 
Equation 1, given in the literature, represents 
the desired expression for the tire carcass meridian 
in terms of variables. Other con- 
siderations of two-phase reinforced structures [1, 


construction 
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Fig. 5. Comparison of calculated and measured inflated 
tire contour. 8.00-15 nylon tire; 24 lb./sq. in. inflation 
pressure. 
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Computer plot of calculated tire contour. 
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2, 4, 11, 12, 13] have contributed very important 
knowledge to this field but have been restricted to 
inextensible cords. This inextensibility is obvi- 
ously only an approximation for either rayon or 
nylon cords. Consequently, Equation 1 was pro- 
grammed on a computer for numerical computa- 
tion using the quadratic integration rule. Physical 
measurements of the cord carcass were taken to 
obtain values of the parameters yz, 72, and r, and 
the calculation run and plotted on the computer 
for the standard cord angle a = 62°. The interval 
of integration on y is r, <y <7q. Recognizing 
that at r4,z = 0, we subdivided r, — r, into twenty 
subdivisions each of length Ay = (r, — r,)/20 and 
applied the quadratic rule to each of the integrals 
over this interval. Specifically, we computed 


z(ra) = 0 


2) f : f(y)dy 
Ta —~ Sy 


ra—(n—1) Ay , 
Sp Sn + f f(y)dy 
rT, 


‘a andy 


This computation was iterated on c; until a reason- 
able fit to the physical contour of the tire carcass 
was obtained. The resulting contour, as plotted 
on the computer, is presented in Figure 4. To 
compare this calculated contour with experimental 
data, the contour of an actual tire carcass was deter- 
mined. The measurement was made on an actual 
tire and the known thickness of the rubber cover at 
each point was subtracted to obtain the dimensions 
of the fabric carcass. Figure 5 shows a replot of 
the numbers of Figure 4 compared to the actual tire 
contour. The theoretical curve (solid line) fitted 
the actual contour (experimental points shown as 


150 
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Fig. 6. Calculated tire stresses in the principal directions. 
8.00-15 nylon tire; 24 Ib./sq. in.; Ng = circumferential 
direction; Ng = meridian direction. 
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dots) extremely well. The parameters used for 
Figures 4 and 5 were r, = 14.31 in., r, = 8.25 in., 
ye = 10.64 in., a = 62°, and c, = 1.02. 

Since the meridian was now describable to a good 
approximation in terms of physical parameters of 
the tire it was possible to compute the stresses. in 
the membrane and in the cords. 


Principal Stresses and Cord Tensions 


The stress levels in the membrane and the ten- 
sions in the cords for the equilibrium shape can be 
calculated from the equilibrium Equation 4 utiliz- 
ing the meridian Equation 1. The derivation is 
shown below in terms of general f(y) occurring in 
the tire meridian equation 


z= fiow 


Thus the results obtained here can also be used 
when the form of the meridian is changed. 
We have for the tire meridian 
dz 


dy = f(y) 


age a 

~ dz f(y) 
y”’ = d*y = ad (2)2 =— df f*(y) 
- dz* dy\dz/ dz ay: 


Hence 


a% ae 
vit (y’)? vit f(y) 


sin @ =; 


cos @ = [1+ f(y) }' 


1 - y y" 


i titoyr f[i- 


y 


(9) 
(10) 


Under inflation, the load is symmetric, so that 
T = 0, pe = po = 0, and p, = p. From Equation 
3 we then find 


aN. 


Oz “i 


aN, 


ON, _ aN4 dy 
oz 


dy dz 





NoOvEMBER 1959 


Hence 


a 


Rf +c=y 


wll + Py) Ne 
by integrating Equation 12 and substituting Equa- 
tion 3 for Ny. Since yg is an extreme point, we 
have 


cos } 
—— N, 


dz | 
dy|y = ys 


= flys) = 0 


so that 
ya" 
c=— p— 
a 

Hence 

N, = P (y? — yp?) 
2 
and 


(y? aie ya*)V1 + f(y) 


: 14 
ty) a) 


In this calculation we have an indeterminate form 
at y = yx which must be avoided in the computer 


solution. Since 


Ns , Ne 


r\ 


att 


we can calculate 


and substituting for r; and rz from Equations 9 
and 10, we have 


y, = bev + PO) 
gi f(y) 
(y? — yp*)f’ (y) 1 


od igi 2y f(y) 1 + f?(y) 


(15) 
Figure 6 shows the comparison of the stresses Ng, 
N, in the principal directions. 

These stresses must be taken up by the cord 
carcass of the tire. Let 8 = B(y) be the final cord 
angle (made with the circumference) and n = n(y) 
be the number of cord ends per inch. - Based on the 
assumptions of our ideal tire, we have for each unit 
length along the merdian circle a force 


Ng 


4 plies) 
4 sin B ” 
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If the cord density is m(y) per unit length, then there 
are n-sin 6 cords in the fabric of length 1 and width 
sin 8. Each cord supports the stress [8 ] 


Ns 


Fe = Tn sintp 


(16) 


Similarly 
No 


Fy, = ——;} 
“8 — 4n cos?B 


(17) 
Following Hofferberth [9], let c. = 
in the circumferential direction, c, = extension 
ratio in the meridian direction, and c, = extension 
ratio of the cord. With a = initial cord angle, 
Hofferberth shows that 


extension ratio 


cos 6 


t 
COs a 


(18a) 


sin B 
ae 
sina 


(18b) 
Consequently 


Ca’ COS*a + ¢,? sin’a = ¢/ (19) 

From these results we can see that since 1 in. of 
material, in the meridian direction with mo sin a 
ends (mo = initial end count of the green ply ma- 
terial), goes into a meridian length c, having n sin 
8 ends per inch, we must have 


Cansin B = nosina (20) 


sin a Ct 


; = No 
C, sin Bg Cal 


n(y) = no 


from Equation 18. 
Using this result and the fact that from Equation 
18, sin’?B = 1 — c,?/c/ cos*a and c, = y/r,, we have 
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Fig. 7. Cord tensions in inflated tires. 


24 lb./sq. in. pressure. 


\/ a 2 ' 
Fy, = y — hi - — Ne (22) 


6" 4nor, sin a y\ 
‘ * 
-}) cos’a 
( VC 


8.00-15 nylon tire; 


Equation 21 was adopted as an expression for the 
tire cord tension. Figure 7 shows the calculated 
cord tension for an 8.00—-15 nylon tire. The stress 


is plotted against 100 times a nondimensional 
parameter 


Determination of Cord Strain in 
Expanded Tires 


The method is based on the simple network de- 
formation theory as given by Rivlin [12] for inex- 
tensible cords and by Hofferberth [9] for extensible 
cords. Equations 18a, 18b, and 19 of Hofferberth 
are applied to a tire point by point. From the 
known green angle a and the measured cured angle 
B, a value of c, can be calculated from Equation 
18a if c,is determined. Figure 2 illustrates the tire 
expansion process. The problem of finding c, is 
handled in the following manner. A series of 
parallel lines is drawn on a mold drawing 1 in. apart. 
Their distance along the mold meridian is measured 
and the lines are transposed onto a master chart 
(Figure 8). A replica of the inside of the cured 
tire is made by painting a 2-in. strip with black wax 
pencil and tightly laying over it from bead to bead 
a #850 Scotch’ brand Mylar‘ polyester film tape 
1 in. wide. 


The device shown in Figure 9 is then 
used to determine the precise position of the meri- 


* Minnesota Mining and Metallurgy Co. trademark. 
* Du Pont trademark. 
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dian and circumference. The beads and the tire 
center line are marked on the tape. 

The tape is pulled away from the tire and will 
have imprinted on its face an exact replica of the 
first ply cord network. Mylar polyester film is 
used because of its high strength and its dimensional 
stability. This tape is now placed on a master 
chart like that shown in Figure 8. The beads are 
located precisely and the center line is determined. 
The meridian marked on the tape is superimposed 
on the meridian line of Figure 8, assuring accurate 
alignment. In practice, Figure 8 need be set up for 
only 4 the tire meridian. Each vertical line now 
represents a value of c, which is easily calculated 
from the drum dimensions. The value of c, maxi- 
mum at the center is determined from tire circum- 
ference, crown thickness, and drum diameter. It is 
now possible to measure the angle 8 at each of the 
positions 6, 5, 4, etc. The angle 8 at the bead is 
usually obscure and is assumed to be equal to a. 
The average value of c, and of 8 between any two 
vertical lines is determined as the arithmetic mean 
of the c, and 8 values at the two lines in question. 
It is always possible to make this assumption as 
nearly correct as desired by placing the lines as 
close together as necessary. In the interest of 
simplicity, six lines plus the center line are used. 
A table is now made of the known and measured 
values (Table I). 


Meridian Distance, di 
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Fig. 9. Aligning tool for tire cord angle determination. 

First c, is calculated, using this table and Equa- 
18a. Next c is found from Equation 18b, 
and the appropriate values of 8. 


tion 
The meridian 
distance between vertical lines is known (from the 
mold drawing, for instance). 


[9] 


From the equation 


dS, = dl/cy (23) 


where S,, = drum width and / = meridian length 


the incremental drum width is found by dividing 


each meridian distance by the appropriate value of 
c. Asa check, the sum total of incremental drum 
widths should equal the drum setting used to fabri- 
cate the tire. 


This usually has been found to be 
the case to within 2-3%. 

The results are plotted as percent cord stretch 
vs. percent meridian length. A typical plot illus- 
trating also the reproducibility of the measurements 
is shown in Figure 10. Another interesting use of 
the calculated c, value is to determine the cumula- 
tive or over-all change in cord length. This isdone 
by weighting each value of c, by the length of cord 
over which it applies. (Cord length is found from 
meridian distance and cord angle.) Experimental 
values of over-all cord length change, as determined 
from thedistance before and afterexpansion between 


knots sewed in the cord, agree quite well with the 
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calculated cumulative values. The calculation of 
total cord length change is shown in Table I. 

Further experimental evidence for the cord strain 
resulting from the tire expansion consists of x-ray 
measurements on metal shadowed cord [14]; Figure 
11 illustrates this point. The agreement between 
measurements and calculations is good at the crown 
and near the beads; in the tire sidewall the meas- 
ured values are lower than the calculated values. 
It should be noted, however, that the location of the 
sidewall x-ray measurement along the meridian 
length was not precisely determined. Apparently 
c:, the cord str2in, is not constant but varies from 
about 4% stretch at the crown to about 6% shrink- 
age at the bead. This results in cord nonuniform- 
ity and may partially offset the stretching treat- 
ment given the cord prior to tire building. 


Discussion of Results 


If it is assumed that the ideal tire carcass is thin- 
walled, that is, the wall thickness is small compared 
with the over-all dimensions of the carcass, the 
membrane theory of elasticity can be used to de- 
scribe the stress configuration in the tire at equilib- 
rium [8,9,11]. The assumptions of the membrane 
theory are only approximately true for the tire 
carcass but, for symmetric loading by inflation 
pressure only, give results which are in good agree- 
ment with experiment. 

The hyperelliptic integral (Equation 1) which 
describes the tire meridian fits the physical meridian 


curve very well. The calculation of the stresses 
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Fig. 11. Comparison of calculated and measured 


cord length changes. 


Nz, Ne as they are shown in Figure 6 is based on the 
equilibrium conditions of the membrane and upon 
the network theory for an ideal tire as developed by 
Hofferberth [9] and Rivlin [12]. It is assumed 
that the cords are flexibly linked at their intersection 
points and, consequently, do not move relative to 
each other at those points as a result of the deforma- 
tion. The hinge action is provided by the elasto- 
mer. This model represents the so-called panto- 
graphic expansion of the cord network. 

In order to determine how closely the theoretical 
hinge theory corresponds to the actual physical 
situation, the calculated cured cord equilibrium 
angles of an ideal tire are compared to the measured 
cord angles of an actual tire. The equilibrium 
angles 6 are calculated using 


tan’?B = a 
6 


(24) 


The results (y* being the nondimensional parameter 


Cured 
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introduced previously) are shown in Table II. 
The agreement between measured and calculated 
angles is quite good. 

The variable principal stresses (Figure 6) cause 
nonuniform cord tension; the nonuniform cord 
tension in turn causes nonuniform cord strain. 
This can be satisfactorily explained by noting that 
the cord structure is an integral part of the tire 
carcass. The cords cannot then be considered as 
lying on a smooth inelastic surface. The cord net- 
work forms a doubly curved surface which does not 
close on itself, being restrained at the beads. 
Consequently, more expansion is possible away 
from the beads, which results in lower end count 
per inch and smaller angles 8. The cords bear a 
variable tension because the angles 8 are related to 
the variable principal stresses. The variable cord 
stresses may have an important effect on tire per- 
formance. 

Some data exist in the literature for comparison 
with the results reported here. For a tire inflated 
to 29 Ib./sq. in. with a 38° crown angle and 26 ends 
in., Hofferberth [7] finds at the crown Ny, = 70.5 
lb./in. and cord tension = 2.02 lb. In the work 
reported here for a tire of similar construction at an 
inflation pressure of 24 lb./sq. in., Ny is found to be 


‘76.7 lb./in. and the cord tension is 1.95 Ib. at the 


crown. 

Assuming that the stress distribution in the cords 
during the curing process is similar to that found in 
the inflated tire, it is possible to relate the observed 
cord stretch and cord shrinkage to the known elastic 
behavior of nylon tire cord at the temperatures 
usually prevailing in the tire curing process (about 
300° F.). Wherever the cord experiences a tension ' 
less than its shrinkage tension, it will contract; 
wherever the tension exceeds the shrinkage tension, 


TABLE I. Calculation of Total Cord Length Change 


% Change 





Green Incre- 
<i c mental 


Cumulative 





Cord % Cumulative 
Line length, Cumulative length, 
No. in. 


Cord 
length, 
length in. 


cord 
length 
change 


aes /€ 
Cumulative Cumulative change in 
length, meridian cord 
in. distance length 





4.1642 
1.6312 
1.4353 
1.3028 
1.3001 
1.3704 
1.3465 


33.346 
46.409 
57.903 
68.336 
78.747 
89.217 


100.000 12.4875 


4.0518 
1.6129 
1.4199 
1.2955 
1.3585 
1.5112 
1.4370 


2.78 
2.31 
2.06 
1.83 
0.98 
—0.97 
—1.57 


4.0518 
5.6647 
7.0846 
8.3801 
9.7386 
11.2498 
12.6868 


28.893 
41.023 
52.558 
63.669 
75.056 
87.378 
99.997 


2.78 
1.13 
1.07 
0.56 
—4.31 
—9.32 
—6.27 
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TABLE II. Comparison of Calculated 
and Measured Angles 


B’ 
8 (Measured on 
(Theoretical), uninflated 
y* 


1.0 (Bead) 


(Crown) 


37 10 


the cord will stretch. The shrinkage tension of 
nylon cord of normal denier is approximately 1.2 Ib. 
Reference to Figure 7 shows that this tension occurs 
about halfway along the meridian. The cord in the 
lower half (towards the bead) should, therefore, 
shrink; the cord in the upper half (toward the 
crown) should stretch. Figure 10 shows that this 
does in fact occur. 

A brief remark is in order concerning the compari- 
son of calculated and experimental tensions. The 
calculations yield stresses in pounds per inch and 
tensions per cord in pounds. No direct measure- 
ments of stresses are possible. The x-ray technique 
(cf. Figures 7 and 11) yields a measure of strain. 
In order to make the comparison, the x-ray strain 
measurements [14 ] were converted to stresses using 
the known stress-strain relationship of nylon tire 
cord. 


Summary of Results 


The cord tension in an inflated nylon tire de- 
creases from about 2.0 Ib. at the crown to about 0.9 
lb. at the bead after tire expansion. The cord 
strain in the expansion process is not constant, but 
increases from about 6% shrinkage at the beads to 
about 4% stretch at the crown. In an actual tire, 
where the plies are not coplanar, x-ray measure- 
ments [14] indicate that the cord stretch also in- 
creases from the inner to the outer plies. 

Since the stresses in the tire cord are everywhere 
positive under expansion and inflation pressure, the 
existence of cord shrinkage or contraction in the 
lower sidewall and bead region is rather unexpected. 
It is suggested that this contraction occurs because 
of the stress-temperature conditions existing during 


tire expansion and curing. The shrinkage tension 
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(the tension required to prevent contraction) of 
typical nylon tire cord at curing temperatures 
(about 300° F.) is approximately 1.2 lb. Therefore, 
wherever the cord is under a greater tension, it 
should elongate (stretch); wherever it is under a 
lesser tension, it should contract (shrink). A com- 
parison of Figures 7 and 9 demonstrates this cor- 
respondence. 

The correspondence between cord tension and 
cord strain suggests the further mathematical re- 
finement of introducing a variable cord strain into 
the tire meridian Equation 6. The good fit of 
experimental data by use of a constant value for 
c, indicates, however, that for purposes of calculat- 
ing the stresses and the tire shape, the present 
scheme may be adequate. 

This value of c, might be found by relating the 
cord tension at to the known stress 
strain relation of the tire cord material. If the 
value of c used initially does not agree with the 
cord strain found on the stress—strain curve at the 


the crown 


calculated stress, an iteration technique might be 
employed until agreement is obtained. 

The concepts discussed here, although specific to 
a defined ideal tire, are in sufficient agreement with 
experiment so that it should be possible to use them 
as the basis for tire construction calcuations which 
would take into account the physical properties of 
the tire constituents as well as the physics of the 
tire as a whole. 
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Some Effects of Sheep Nutrition on the 
Mechanical Constants of Wool 


V. D. Burgmann 


C.S.1.R.0. Wool Research Laboratories, Division of Textile Physics, 
Ryde, N.S.W., Australia 


Abstract 


Results are reported of measurements on the mechanical constants of wool from 


sheep under closely controlled conditions of husbandry and_ nutrition. 


The experi- 


mental wool had a change of diameter along individual fibers which was due to a 


deliberate variation in food intake of the sheep during the growing period. 
the yield region are given for a Merino and a Corriedale wool. 


Values for 
The Merino showed 


no change due to diameter variation and the Corriedale only a slight change. 


Introduction 


Variations of cross-sectional area occur along the 
length of wool fibers. The variations are associated 
with changes in the food intake, age, environment, 
and health of the sheep. It would be useful to know 
the extent to which they are accompanied by changes 
in the mechanical constants of the wool and which, 
if any, of the causes of variation have a large effect 
on the constants. are the 


intrinsic mechanical properties of the fiber substance, 


“Mechanical constants”’ 


such as stress to produce a certain strain under 


In the 
Hookean and up to the beginning of the yield region 


specified conditions, or derivatives of these. 


the relationship between load and extension has been 
shown |6, 7, 16, 17, 20] to be greatly influenced by 
crimp. Crimp therefore makes it difficult to meas- 
ure the constants in these regions. However, in the 
yield region fiber diameter appears to be the impor- 
tant parameter. 

Studies |1, 3-8, 11-14, 16-23] of a variety of 
wools show that there are no great differences in the 
mechanical constants of wool fibers of widely dif- 
ferent type and diameter. Nevertheless, small differ- 
ences are being found which can be attributed to 
the origin of the fibers. Much of the work has been 


done at Textile Research Institute, Princeton, N. J., 


and the Western Regional Laboratory, Albany, 
California. 


Some workers find a dependence of mechanical 
constants on fiber diameter ; others do not. Recently, 


for example, Thorsen [24], using wool from 60 sheep 


of a number of breeds, has shown that there is an 
increase with diameter in the stress required to pro- 
duce 30% 


for a Lincoln wool sample a marked increase in this 


extension in water. He also reported 
stress during the first twelve months of growth, 
followed by a relatively constant value up to the 
age of four years and then a slight decrease. On 
the other hand, Monfort |19], using five lots of wool 
with a mean diameter range 19.5 to 33 » found that 
the stress for 20%, 25%, and 30% 


air was independent of diameter. 


extension in 
Dusenbury and 
Wakelin [6] also found no dependence of stress 
for 20% 


All the above measurements were made on wool 


extension on fiber diameter. 


It is therefore difficult 
to decide the cause of diameter variations in the wool 


from sheep grazing in flocks. 


for which the mechanical constants were reported. 

An experiment in Australia by the C.S.1.R.O. 
Division of Animal Health and Production has made 
available wool grown on two types of sheep under 
closely controlled conditions of husbandry and level 
of nutrition. Their experiment provided wool sam- 
ples in which changes in the fiber diameter and me- 
chanical constants could be attributed primarily to 
variations in the level of nutrition. This paper gives 
preliminary results and methods used to measure 
the mechanical constants in the yield region and 
shows that they were independent of diameter and 
hence level of nutrition for the particular Merino 
wool used, but some were slightly dependent for the 
Corriedale wool, 
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Experimental 
Source of Wool 


The wool came from the sheep used in the experi- 
ments by Ferguson, Carter, and Hardy [9] on com- 
parative fleece growth in sheep. They used two 
types of sheep, 12 Merino and 12 Corriedale which 
were closely matched in general condition and in 
age, being two years old at the beginning of the 
experiment. The Merinos were particularly uni- 
form in type because they were from a highly inbred 
flock which: had been closed to outside blood for 
60 or 70 years. The Corriedales were from a stud 
flock. Both lots of 12 after a conditioning period 
on uniform nutrition were further divided into three 
groups. The first group started the experimental 
growing period with a high level of nutrition and 
were later reduced to a low level. The second was 
The 
third was started on a low level and later raised 
to a high level. 


on a uniform level throughout the experiment. 


The food was of constant composi- 
tion and good quality, but the range in daily ration 
from high to low was extreme, being from ad lib 
feeding to barely maintenance level. The sheep 
were kept in individual pens in a well-constructed 
and ventilated sheep house. They were thus pro- 
tected from direct sunlight and rain. The experi- 
ments ran for 72 weeks and were very fully reported, 
including regular measurements of mean fiber diam- 
eter and rate of increase of wool weight. Variations 
in mean fiber diameter were attributed mainly to 


changes in food intake, but environmental tempera- 


ture was also found to influence growth slightly. 
The preliminary results given here are for twelve 
months’ growth of wool from both types of sheep, 
four of each being used. 


Cross-Sectional Areas 


Cross-sectional areas of the fibers were measured 
with a vibroscope. The vibroscope was specially 
constructed with a short gauge length and arranged 
so that the gauge could be moved along the fiber. 

The vibroscope was operated at a constant driving 
frequency and gauge length. The fiber tension was 
The 
advantages of this arrangement were that all deter- 
minations were made at the same value of stress; 


adjusted until resonance was observed visually. 


also, the observed tension at resonance was directly 
proportional to the cross-sectional area of the fiber. 

The resonant frequency of the fiber is given to a 
first approximation by 
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i [Te 
= >al— 1 
where A = cross-sectional area (to be determined), 
f = driving frequency (aconstant),/ = gauge length 
(a constant), 7 = fiber tension (adjusted for reso- 
nance), and p = fiber density (a constant). The 
stress at resonance is 
Ig 
— = 4f°P 
7 PP p 
which is therefore a constant depending only on 
values chosen for f and /. Also the cross-sectional 
area 


A 


T X constant 
The following values were used: 


f = 5000 cycles/sec. 
1 = 0.865 cm. 

p = 1.31 g./cm.’ 

g = 981 cm./sec.? 


Fixed 
Oscillator. 
5 Keds. 


Rack and pinion. 


Wool fiber. Cathetometer 


microscope. 


Torsion balance. Terylene filament lead 


for handling wool. 


Weights for 
range adjusiment. 


Fig. 1. Schematic of the vibroscope, showing the gauge 
mounted on the barrel of the microscope on the cathetometer 
used for traversing the length of the fiber, 
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With these values the stress at resonance is 1 x 10° 
g./cm.?, which is just sufficient to decrimp the fibers. 
Also, the cross-sectional area in square microns is 
numerically equal to the tension in milligrams. 

A schematic drawing of the vibroscope is shown 
in Figure 1. The fiber under test is connected be- 
tween a torsion balance and a rack so that the tension 
in it can be adjusted for resonance and measured. 
The torsion balance had a range of 1000 mg. and 
could be read directly as microns squared. The 
gauge pins, one of which is in a phonograph pick-up, 
are carried on an extension arm from the microscope 
of a cathetometer which is traversed along the length 


e(b 
. 


oA” 
Pf 

~ am | 
} 


pd af 





Distonce from base of fiber (cms) 


Fig. 2. Example of the actual vibroscope measurements 
of cross-sectional area along fibers at 2.5-mm. intervals. 
(a) Merino sheep on a uniform level of nutrition; (b) Cor- 
riedale sheep on a high level changing to a low level; 
(c) Merino on low level changing to a high level. The let- 
ters show where markers were tied for the load—extension 
tests on this particular fiber. 


Electromagnetic 


bal! dropper Bolence arm 


Filament lead 


Woo! fiber 
with markers 


Synch. motor Vertical sit Synch motor 


Shutter dise with 
contacts for dropper 
Fig. 3. Schematic of the extensometer with constant rate 

of loading showing recording drum for shadowgraphs with 
ball dropper which is synchronized by the light shutter. The 
drum has in front a vertical slit 16 mm. wide. The drum 
moves one slit width between ball drops, which are at 3-sec. 
intervals. The result is a series of shadowgraphs of the 
whole length of the fiber with markers for each increment 
in load, 
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of the fibers. Examples of the measurements made 
on fibers from sheep on a changing level and on 
a uniform level of nutrition are shown in Figure 2. 
Measurements of cross-sectional area were repro- 
ducible to about + 0.5%, and were adjusted to the 
value expected at 65% relative humidity. The areas 
were measured at not less than 2.5-mm. intervals 
along the length of the fiber. No corrections [15] 
were applied to the vibroscope results; the absolute 
values inay therefore be in error by about 1%. How- 
ever, the relative value of cross-sectional area along 


and between fibers should not be seriously in error. 


Extensometer 


The load extension measurements were carried out 
in water at a constant rate of loading of 1 and 2 
g./min. for the Merino and Corriedale wool respec- 
tively. The constant rate of loading was obtained 
by dropping \%-in. diameter ball bearings into the 
pan of a balance with unequal arms. The other arm 
was arranged to pull upwards on the fiber in incre- 
ments of either 50 or 100 mg. at 3-sec. intervals. 
A schematic drawing of the extensometer is shown 
in Figure 3. 

Extension of the fiber was recorded by a shadow- 
graph method. Before the fiber was mounted in 
the extensometer, points were selected and marked 
[2] along it by tying a terylene filament of 37 » 
diameter around it with a single knot. After being 
tied the terylene was cut off close to the wool fiber ; 
the knots were used as reference marks for exten- 
sion measurements. Their positions were chosen 
from the record, as shown in Figure 2c, to be 0.5-2 
cm. apart and so that in most cases the extreme 
range in cross-sectional area between any pair was 


not greater than + 5%. 


+S The shadowgraphs of the 
fiber and knots were sufficiently well defined for the 
length between the knots to be measured to + 0.01 
mm. with a travelling microscope. 

The above method allows all parts of the one fiber 
to be subjected to the same load while simultaneously 
recording their individual extensions. However, the 
measurement of lengths by travelling microscope is 
tedious. A set of load vs. length curves in Figure 4 
The 


fibers were not all extended until break, so observa- 
tions of stress to break are not reported. 


shows the small scatter of points achieved. 


Results and Discussion 


Load vs. length curves were plotted for the 
marked parts of each fiber tested, making a total of 
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61 curves from 9 Merino wool fibers and 47 curves 
from 8 Corriedale. In some tests the thicker parts 
were not extended beyond the yield region because 
other parts of the same fiber were too thin to sus- 
tain the necessary tension. Results in the post-yield 
illustrated for 
part AB in Figure 4, the linear portions of the load- 


region were therefore limited. As 


length curves were extended to determine the length 
at zero load, the beginning of the yield region, and 
the post-yield region. 

The values of the stress at various extensions and 
the extension at the change from the yield to the 
post-yield region are shown in Table I. The mean 
values for Merino are slightly, but significantly, lower 
than Corriedale, both for stress at the beginning of 


(mms) 


L 
oe 
Pe) 
= 
a 
° 
c 
° 
t 
° 
a 
_ 
° 
x 
a 
> 
c 
w 
) 








Oo 


Load (gms) 


Fig. 4. Load vs. length curves for extension in water at 
20° C. of the fiber shown in Figure 2c. Each length has 
letters corresponding to the marker knots and was meas- 
ured from the shadowgraphs by a travelling microscope. 
The lines drawn on AB show how the beginning of the 
yield Y and post-yield P region was determined. 


TEXTILE RESEARCH JOURNAL 


There is 
no significant difference between the wools either 
for stress or strain values at the changeover from 
yield to post-yield. 


the yield region and at 15% extension. 


The mean values for stress at 
the beginning of the post-yield region agree well 
with the values reported by Thorsen [24] for 30% 
extension of his Merino wool samples. The Merino 
and Corriedale wools differ slightly in their mechan- 
ical constants, but only from the beginning of the 
yield region to a little over 15% extension. It is 
possible that some of the difference is due to crimp 
diameter relationship [7] not being the same for the 
Merino and Corriedale wools. However, no meas- 
urements of crimp were attempted, due to the large 
growth changes along the wool staple. 

The tension required to produce 15% extension 
is shown in Figure 5 for Merino and Figure 6 for 
Corriedale. Tension at 15% extension was chosen 
because it is the point of inflexion [10] and might 
he expected to have a low coefficient of variation. 
The plotted points are individual results for each part 
of all the fibers; none was rejected. Those for sheep 
on a uniform level of nutrition are shown differently 


from those on a varying level. The scatter is small 


Cross-sectional area (yp 


Load vs. cross-sectional area for 15% extension in 


water at 20° C.—Merino. 


Lead for 15% Extension (gms) 


CORRIEDALE 
+ Uniform avtrition 
+ Veriable autrition 


Cross. sectonet arew Cy!) 


Fig. 6. Load vs. cross-sectional area for 15% extension in 


water at 20° C.—Corriedale. 
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TABLE I.- Values for Points on the Stress-Strain Curves for the Two Wools in Water at 20° C. 


Mean value 


Stress at beginning of yield 
region 


Merino 
Corriedale 
Stress at 15% extension Merino 
Corriedale 


5.66 X 10° 
5.60 K 105 


Merino 
Corriedale 


Stress at change from yield 
to post-yield 


Merino 
Corriedale 


Extension at change from 
yield to post-yield 


30.2% 
29.6% 


for both. A straight line can be drawn through the 
points and the origin for the Merino, but for Corrie- 
dale it passes below the origin. This means that the 
stress to produce 15% extension is constant for the 
Merino wool, irrespective of cross-sectional area 
changes brought about by variations in wool growth, 
but for the Corriedale wool, the stress for 15% ex- 
tension increases slightly with increase in cross- 
sectional area. Similarly, values for the stress at the 
beginning of the yield region and at the beginning 
of the post-yield region were found to be constant 
for Merino but area-dependent for Corriedale. Each 
stress constant for the Corriedale appeared to be in- 
creased equally by cross-sectional area. The stress 
for 15% extension was 4.65 x 10° g./cem.* at 20 p 
diameter and increased to 5.15 x 10° g./cm.* at 40 p» 


diameter. This increase is equivalent to 0.02 g./tex/» 


which compares well with 0.015 g./tex/p» obtained 


by Thorsen |24] as a grand average for stress at 
30% extension for all the wools he tested. How- 
ever, it is much lower than the value 0.073 g./tex/p 
he obtained for .changes in Lincoln wool over an 
age range of 5 years with accompanying changes in 
average diameter. Changes due to the sheep aging 
were not apparent in the present experiment, but 
might not be expected in the one year involved. 
The results presented are for relatively few fibers 
Neverthe- 
less, these preliminary measurements show a definite 


from 8 out of the 24 experimental sheep. 


trend for sheep on a varying quantity of good quality 
feed; the results for poor quality feed might well be 
different. The sheep were subjected to changing 
level of nutrition from ad lib feeding to barely main- 
tenance level, which caused large variations in cross- 
sectional area along the fibers. In spite of these 


extreme conditions, changes in the mechanical con- 


3.89 X 10° g 
4.15 X 10° g. 


4.70 X 10° g. 
4.85 X 10° g. 


CV, 


Obser- 
vations q Significance 


./em.? 59 
/em.? 45 


6.6 
8.2 


Difference of means 
significant at 0.1% 
level 

Difference of means 
significant at 1% 
and almost at0.1°% 
level 

Difference of means 
not significant at 
5% level 

Difference of means 
not significant at 
5% level 


/cem.? 


4.8 


fem. 


stants of the wool, measured in water in the yield 
region, were only slight in the case of Corriedale and 
could not be detected in the Merino wool. Also, no 
difference could be found between Merino and Cor- 
riedale wool for the stress and extension at which 
the changeover from the yield to post-yield region 
occurs. 
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Spectrophotometric Measurement of Color 
in Wool Fabrics 


F. G. Lennox 


Division of Protein Chemistry (Formerly Biochemistry Unit), C.S.1.R.O. Wool 
Research Laboratories, Parkville. N.2. (Melbourne), Victoria, Australia 


Abstract 


A method is described for measuring the differential absorption spectra of pale- 
colored fine-wool fabrics in the visible and ultraviolet regions. A strip of the fabric is 
immersed in a liquid having a refractive index close to that of wool and compared in 
an ultraviolet spectrophotometer with a similarly immersed uncolored or bleached strip 
of the same fabric. 

The method is applied to the measurement of the absorption spectra of normal un- 
bleached wool fabrics and to fabrics which have been yellowed either by heating at 
97° C. in an aqueous buffer solution at pH 8 or by exposure to ultraviolet irradiation. 
Fabrics which have been dyed or treated with reagents producing colored derivatives 
of particular amino acid residues in the wool proteins have also been tested. Sizing and 
finishing agents in the fabric which absorb in the visible or ultraviolet regions are 
detected by the method. 

When wool is yellowed by heating or exposing to ultraviolet irradiation, its absorp- 
tion increases far more in the ultraviolet region of the spectrum, especially at 3100-3300 
A, than in the visible region above 3900 A. 


Researcu on the yellowing, bleaching, and 
dyeing of wool would be facilitated if better methods 
were available for measuring color in the intact 


fabric. Matching shades by eye, the commonly ac- 
cepted method used in textile dyeing and dye fastness 
testing, is limited in scope, due to variations in 
acuity of vision among individuals and for the same 
individual at different times. 

Surface reflectance measurements are free of sub- 
jective errors but are markedly affected by the 
structure of the fabric being tested. Some reflectance 


photometers are very insensitive to changes in shade 
which are easily detected by eye, and Graham and 
Statham [1] in a recent paper on the yellowing of 
wool fabric have stated that “attempts to assess the 
discoloration by means of a reflectance colorimeter 
were not successful.” 

In the present study it is shown that the dif- 
ferential absorption spectrum of modified wool fabric 
can be measured at wavelengths greater than 3000 A 
by comparison with untreated fabric in an ultraviolet 
spectrophotometer of the type commonly used for 
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studying the absorption spectra of colored solutions. 
The method should also find application in studying 
some aspects of the structure and chemistry of intact 
wool. 
Measurement of the Differential 
Absorption Spectrum 


The standard fabric used in these investigations 
was made from 64’s Merino wool in plain weave 
with 2/30’s worsted yarn to give 30 ends and 30 
picks/in. It weighed 5.0 0z./sq. yd. Samples meas- 
uring 53 X 23 mm. and weighing 0.2 g. were sub- 
jected to a coloring or bleaching treatment. Strips 
44 mm. long and 10 mm. wide (11 threads) were 
cut from the colored and uncolored samples, and 
these were rinsed in distilled water to remove soluble 
materials where necessary, pressed between ab- 
sorbent papers, and partly air-dried. They were 
then pressed with a warm electric iron to flatten and 
immersed in a liquid having the same refractive 
index as wool in silica cells 44 mm. high, 10 mm. 
wide, and having a 10-mm. light path. Each strip 
was pressed flat against the wall through which light 
entered the cell and its optical density d measured 
against the untreated strip over a range of wave- 
lengths in a Beckman DU spectrophotometer. 


Selection of Immersion Liquid 


To compare various immersion liquids, the un- 
bleached standard fabric was measured against the 
same fabric after bleaching. The samples were 
bleached by soaking in 0.5% wetting agent (Lis- 
sapol NX or Nonidet P40) for 30 min. at 45° C., 
transferring to 0.005 M sodium pyrophosphate con- 
taining 2% (vol./vol.) 100 vol. hydrogen peroxide 
for 3 hr. at 45° C. (pH 8.5), washing with distilled 
water, soaking in 0.5% sodium dithionite (Na2S2Ox4- 
-H,O) for 2 hr. at 45° C., and rinsing several times 
in distilled water. A liquor:wool ratio of 30:1 
was used throughout. Strips of bleached and un- 
bleached fabric were immersed in a series of liquids 
placed in turn in the cells of the spectrophotometer 
and the differential absorption spectra measured. 
When the fabric was immersed in the following 
liquids with refractive indices (mp?”®:) not ex- 
ceeding 1.4: water (1.33), ethanol (1.36), hexane 
(1.38), ethyl butyrate (1.39), heptane (1.39), and 
isobutanol (1.40), insufficient light was transmitted 
between 3100 A and 4300 A to permit measurement 
of the spectra. The curves for the unbleached 
fabric using Cellosolve (1.41), chloroform (1.45), 
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dibutyl phthalate (1.49), xylene (1.50), benzene 
(1.50), ethylene dibromide (1.54), o-dichlorobenzene 
(1.55), and bromobenzene (1.56) all approximated 
in shape those shown for o-dichlorobenzene (Figure 
1). Of the liquids having higher refractive indices 
than wool (1.55), quinoline (1.62) and carbon 
disulfide (1.63) failed to transmit enough radiation. 
Nitrobenzene (1.55), tricresyl phosphate (1.56), 
o-toluidine (1.57), aniline (1.59), 1-bromonaph- 
thalene (1.66), and methylene iodide (1.74) were 
colored in the grades available and would be 
unsuitable for routine use. Because its refractive 
index approximates so closely that of wool, and 
since it has been used to reveal the presence of 
contaminants in wool [5], o-dichlorobenzene was 
chosen as. the immersion liquid for the work de- 
scribed in this paper. Although the grade of o- 
dichlorobenzene used was pale yellow when viewed in 
thick layers, distillation to remove the color did not 
alter the differential spectral absorption curve of the 
unbleached wool fabric. 


Spectral Absorption Curves of Various 
Unbleached Fabrics 


To determine whether the method was generally 
applicable to different types of woven wool fabric, 
pieces measuring 380 x 160 mm. were cut from the 
cloths described in Table I and bleached together in 
the same flask using the peroxide-dithionite method 
already described. The absorption spectrum of each 
of the unbleached fabrics was determined by com- 
parison with the corresponding bleached material. 


& 


ETHYLENE OIBROMIDE 


0 - OICHLOROBENZENE 


OPTICAL OCENSITY (d) 


BROMO BENZENE 


3800 ‘ 
WAVELENGTH IN A (a) 

Fig. 1. Three immersion media used for measuring the 
differential absorption spectrum of unbleached 4.2 0oz./sq. yd. 
light weight twill in a silica cell with l-mm. light path. 
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A double thickness of fabric was used to increase the 
optical density readings. 

The optical densities at different wavelengths for 
each fabric (Table I) show that the method should 
have wide application to cloths of various weights and 
constructions. The increase in the absorption by the 
4.2-0z. light weight fabric to a maximum at 3700 A 
is due to the presence of optical bleach. Besides 
being destroyed by the bleaching procedure, the 
absorption at 3700 A was temporarily eliminated by 
soaking for 2 hr. at 50° C. in 2% soap solution 
containing ammonia, but it reappeared when the 
strips were examined again after standing in the 


? 


laboratory for 2 days. High absorption by the 6.7-o0z. 


plain weave woolen cloth at the higher wavelengths 


Ne. OF LAYERS 





i 
4000 


Fig. 2. Differential absorption spectra for multiple layers 
of unbleached standard wool fabric, using an equal number 
of layers of bleached fabric in the control cell. Silica cells 
with 10-mm. light path and o-dichlorobenzene immersion 
medium were used in this and subsequent experiments. 


TABLE I. 
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corresponds with a much deeper yellow shade than 
in the other cloths, and this color was not com- 
pletely removed by bleaching. A slight peak in the 
absorption curve was detected about 4000A in 
several of the fabrics. 

An attempt to measure the absorption spectrum of 
a plain weave fabric containing 85% wool and 15% 
nylon was unsuccessful, due to failure to transmit 
radiation at wavelengths below 3750 A, even though 
the refractive index of nylon (1.52-1.58) is close to 
that of wool. 

All-wool blanket material which had been yellowed 
by repeated boiling in an aqueous solution gave 
very variable results among samples, due to the 
presence of medullated fibers which could be clearly 
seen when the strips were immersed in the o0- 
dichlorobenzene. Moreover, due to its thickness, 
radiation was not transmitted through this material 
below 3400 A. 

After the material was extracted with soap solu- 
tion, the optical density of the 4.2-0z. 2/1 twill in 
the 10-mm. silica cells could be measured at wave- 
lengths greater than 3060 A, as compared with 3100 A 
for the standard 5-oz. plain weave cloth. By use of 
silica cells having a 1l-mm. light path the measure- 
ments could be extended to 2980 A. By replacement 
of o-dichlorobenzene with ethylene dibromide or 
bromobenzene the sensitivity of the optical density 


measurements at low wavelengths was increased and 


the range of measurements on the lightweight twill 
in l-mm. silica cells was extended further to 2940 A 


(Figure 1). As shown in Figure 1, the optical 


densities above 3000 A were reduced by replacing 


o-dichlorobenzene with bromobenzene; this was 


Optical Density Measurements Obtained at Various Wavelengths with Two Layers of Unbleached Wool Fabric 


Measured Against the Same Fabric after Bleaching. The 2/2 Twill was Made from 
Merino 60’s Wool and the Others from Merino 64’s 


Weight, 


Fabric construction oz./sq. yd. 3100 3200 3300 


*Plain, 2/30's, worsted 5.0 0.33 
2/1 Twill, 2/30’s warp, 2/26's 
weft, worsted 
Plain, 2/26's, worsted 
2/2 Twill, 2/36's warp, 1/18's 
weft, worsted 
2/1 Twill, 1/28’s warp, 1/40's 
weft, worsted 
Plain, 1/24's warp, 1/22's weft, 
Yorkshire skein 


0.32 


0.22 


* Standard fabric. 


Wavelength, A 


3400 3500 3600 3700 3800 3900 4000 4100 4200 4300 


0.07 


0.29 0.23 0.17 0.13 0.10 0.09 0.08 0.09 0.08 


0.05 
0.04 


0.18 
0.14 


0.14 
0.10 


0.11 
0.07 


0.08 
0.04 


0.06 
0.03 


0.06 
0.02 


0.07 
0.03 


0.07 
0.04 


0.07 
0.06 


0.31 0.25 0.20 0.16 0.14 0.12 0.12 0.12 0.10 0.09 


0.58 0.71 0.75 0.82 0.80 0.69 0.46 0.22 0.10 0.09 


0.34 0.29 0.27 0.26 0.25 0.25 0.24 0.24 0.23 
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confirmed in another experiment. However in the 
second experiment the optical densities for o-dichloro- 
benzene and ethylene dibromide were almost identical 
over the entire range of wavelengths. Thus the 
relative merits of these three immersion liquids have 
not yet been established with certainty. 

Absorption in the ultraviolet region by the im- 
mersion liquids alone was such that, with the spectro- 
photometer slit fully open, the following lower 
limits were observed in 10-mm. and 1l-mm. layers 
respectively: o-dichlorobenzene, 2990-2910 A; bro- 
mobenzene, 2920-2830 A; and ethylene dibromide, 
2980-2750 A. 

Wool proteins extracted with dilute ammonia, fol- 
lowing oxidation of the fiber witi performic acid, and 
cast as a transparent film by evaporation on polished 
glass and examined in the spectrophotometer in the 
absence of any immersion liquid allowed measure- 
ments to be extended down to 2100 A. Similarly a 
0.1 N HCI solution of the partly-fractioned proteins 
extracted from wool with acid could be measured 
down to the same low wavelength. 


Use of Multiple Layers of Fabric 


By immersion of five layers of the standard fabric 
in the o-dichlorobenzene in one cell and five layers of 
bleached standard fabric in the comparison cell and 
measurement of the differential absorption spectrum 
repeatedly after removal of the layers one at a time 
from each cell, a series of curves was obtained 
(Figure 2). 

For several different wavelengths, the optical 
densities when plotted against the number of layers 
of fabric show an approximately linear relationship, 
denoting close agreement with Beer’s Law for the 


spectral absorption associated with yellowing. 


Absorption Spectra of Wool Yellowed by Heat 
and by Ultraviolet Light 


Samples of standard fabric, weighing 0.2 g. in 
equilibrium with the laboratory atmosphere, were 
heated at 97° C. for increasing periods of time in 
test tubes containing 12-ml. portions of 0.1 M 
H;BO;-NaOH buffer at pH 8.0. The pH fell to 
79 after heating for 3 hr., but with the shorter 
periods of heating no change in pH could be ob- 


served. As shown in Figure 3, the spectral ab- 


sorption in o-dichlorobenzene increased markedly 
with heating, especially in the ultraviolet region, and 
a progressive increase in yellowing could be detected 
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by eye throughout the series. A rapid increase in 
absorption occurred during the initial 0.1 hr., the 
reaction slowing down considerably thereafter. 

Yellowing and a corresponding increase in spectral 
absorption were also produced by heating 0.2 g. of 
the standard fabric for 20 min. at 97° C. in other 
alkaline solutions, for example in 12 ml. 0.1 M 
NazHPO,, but the pH value fell during this treat- 
ment from 9.0 to 8.3. 

Strips of standard fabric were yellowed by ex- 
posure for increasing periods of time 7 cm. from 
the arc of a 125-watt high pressure mercury vapor 
lamp from which the glass envelope had been re- 
moved. A water-filled silica cell was interposed be- 
tween the lamp and the strip to shield the fabric 





Fig. 3. Yellowing by heating for various periods at 97° C. 
in 0.1 M HsBOsy adjusted to pH 8.0 with NaOH; liquor: wool 
ratio 60:1. 





3-0 HOURS 


Fig. 4. Yellowing by UV irradiation at 7 cm. from 125-watt 


cooled Hg vapor street lamp with glass envelope removed. 
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from radiant heat and a cooling fan and water 
cooling coils were attached to the lamp housing. 
As shown in Figure 4, the differential spectral 
absorption curves obtained by comparison with a 
strip of untreated fabric resembled those for the 
samples heated in slightly alkaline buffer solution 
(Figure 3). 


Spectral Absorption Curves for Dyes Attached 
to Wool Fabric 


A strip of fabric 10 mm. wide was immersed 
at room temperature in 4.0 ml. of a solution (28 
pequiv./l. of Orange II (CI Acid Orange 7) 
in 98-100% formic acid. Wool has been shown to 
absorb dyes from cold formic acid solution within 
1 min. [3], but 18 hr. was allowed in this experi- 
ment to ensure equilibration. Spectral absorption 
curves were determined for the dye solution before 
and .after dyeing, using formic acid alone in the 
comparison cell, and for the dyed fabric in o-dichloro- 
benzene compared with undyed fabric in the same 
liquid (Figure 5). Maximum absorption occurred 
at 5000 A in the dye solutions and at 4900 A in the 
fabric, which is close to the maximum observed for 
Orange II when dissolved in water. Although the 
optical density of the solutions of Orange II in 
formic acid increases as the wavelength falls below 
3600 A, the dyed fabric showed no absorption in 


this region. Apart from this region, a curve calcu- 


lated by adding the optical densities corresponding 


ORANGE II 
IN FORMIC ACID 
BEFORE OYEING 


AQUEOUS DYED go 
FABRIC 4 
2) 
sz 


s 


Fig. 5. Differential absorption spectra of wool fabric 
dyed with Orange II from formic acid solution and of the 
dye solution itself before and after dyeing, shown by the 
continuous lines. A curve for fabric dyed with Orange II 
from aqueous solution using 0.1% dye on weight of fabric 
is shown by the broken line. 
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to the dyed fabric and the formic acid solution of 
Orange II after dyeing lies only slightly below that 
for the original solution. 

When the same dye was applied from aqueous 
solution to give 0.1% on the weight of fabric, a 
similar curve was obtained. This dyeing was ef- 
fected by heating for 1 hr. at 97° C., the final pH of 
the liquor being 1.7. A small peak is observed in 
the curve at 3100 A, which may be due to slight 
yellowing, but there is no evidence of extensive ab- 
sorption in the ultraviolet region in spite of pro- 
longed boiling. 

The standard fabric was also dyed with the neutral 
dye, Irgalan Bordeaux 2BL (CI Acid Red 218), 
using 0.1% on the weight of wool in one instance 
and 0.5% in the other. The samples were heated 
to 70° C. during 20 min., then heated further to 
97° C. in 40 min. and held at this temperature for 
45 min. At this stage all the dye had been taken up 
from solution and the final pH value was ap- 
proximately 7.5, but the dye uptake was uneven. 
The differential absorption spectra of these samples 
compared with the undyed fabric show a fairly broad 
band with maximum absorption at 5600 A (Figure 
6). The absorption also increases sharply with 
decreasing wavelength in the UV region, but the 
ratio of the absorption at say 3100A to that at 
5600 A is much the same for 0.1% dye uptake as for 
0.5%, and no yellowing therefore occurred while 
heating in the dyebath. 


Absorption Spectra Produced by Reaction with 
Specific Groups in Wool 


When 44 x 10 mm. strips of the standard wool 
fabric were heated for 30 min. at 60° C. in 5 ml. of 
a 2% solution of p-dimethylaminobenzaldehyde in 
20% HCl (Ehrlich’s reagent), a purple color de- 
veloped due to tryptophane in the wool. This and 
other color reactions with intact wool have been 
studied by McPhee [6], using reflectance spectro- 
photometry. In the present study it was examined 
by immersion in o-dichlorobenzene and comparison 
of the colored sample with untreated fabric as al- 
ready described using transmitted light (Figure 7). 
Maximum absorption occurred about 5700 A. Ab- 
sorption curves corresponding to the colored solu- 
tions obtained for three different concentrations of 
tryptophane using the sulfuric acid procedure [2] 
are shown in the same figure. These give much 
broader peaks than the curve for wool itself, pos- 
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$000 


Fig. 6. Differential absorption spectra of wool fabric dyed 
with Irgalan Bordeaux 2BL from aqueous solution using 
0.1% and 0.5% on weight of fabric. 


sibly because these colors were measured in aqueous 


solution, although maximum absorption occurs at 
about the same wavelength. 

When the Pauly reaction, based on reaction of 
diazotized sulfanilic acid with the tyrosine in wool, 
was applied, the color produced was so intense that 
the absorption below 4000 A could not be measured. 
A steeply rising curve was obtained between 5000 
and 4000 A. The Sakaguchi reaction for arginine 
was not applicable, due to the supercontraction pro- 
duced when the fabric was immersed in 5% KOH 
solution. This caused the refraction index of the 
fabric to change to such an extent that it was no 
longer transparent when immersed in o0-dichloro- 
benzene. 


Discussion 


Although color differences which are barely de- 
tectable by eye are easily distinguished by the method 
described when applied to the standard fabric, 
greater precision would be expected with cloths of 
closer weave and with those which had been milled 
or raised to smooth out variations in thickness due to 
the yarn structure. Also, decreasing the thickness of 
fabric examined and shortening the optical path 
through the layer of immersion liquid both extended 
the range of wavelength over which measurements 
can be made in the ultraviolet region. Scattering, 
due to slight differences in refractive index between 
the fiber surfaces and the immersion medium and 
among different histological components within the 
fibers, becomes more pronounced the lower the wave- 


Y MOLES TRY PER ML 


0-0875 


FABRIC 
O 


$800 . 6000 6500 


Fig. 7. Absorption spectra for wool fabric and standard 
tryptophane solutions after treatment with p-dimethylamino- 
benzaldehyde (Ehrlich reaction). 


length and in fact is generally believed to increase 
inversely with the fourth power of the wavelength. 

The differential spectral absorption curves of un- 
bleached wool fabric and of fabric yellowed by heat- 
ing at 97° C. in a slightly alkaline buffer solution or 
by ultraviolet irradiation are essentially the same. 
All show maxima in the near ultraviolet at 3100- 
3300 A and a steep drop in the absorption curve 
to much lower values at wavelengths above 3900 A, 
extending into the visible spectrum. One remark- 
able feature of the differential absorption spectra for 
yellowed wool is that the absorption above 3900 A 
is very small in comparison with the associated 
absorption in the ultraviolet region. Thus, although 
yellowing is apparent to the human eye, the major 
portion of the absorption peak responsible for this 
change is now shown to lie outside the range of 
human vision. 

On the sheep, exposure of the fleece to ultraviolet 
light from the sun and to heat and moisture in the 
slightly alkaline environment provided by the suint 
would be expected to produce some yellowing and 
to increase absorption of ultraviolet light and thereby 
screen lower regions of the fleece and the sensitive 
The 


same protective mechanism might operate in the hair 


skin of the animal against ultraviolet radiation. 


and fur of other animals and in the epidermis of 
animals which have little natural covering (and 
man ). 

Comparison of the absorption curves of fabrics 
heated in buffer at pH 8.0 with those for UV ir- 
radiated fabrics shows that the former discolor more 
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rapidly than the latter during the initial stage of 
treatment (Figures 3 and 4). This may be due to 
protection of the interior of the fibers by the yellowed 
exterior or to an initial bleaching effect. Slight 
bleaching before yellowing was reported for wool 
exposed to the Fadeometer [4] or to sunlight [1]. 

The applications mentioned in this paper by no 
means exhaust the possibilities of this spectro- 
photometric technique. It could be used, for ex- 
ample, in studying the lightfastness and washfastness 
of dyed fabrics and perhaps to estimate particular 
chemical groups in wool quantitatively. It is pro- 
posed to examine some of these applications, in 
particular the yellowing of wool, in greater detail. 
A technique for enabling parallel assemblies of fibers 
to be examined would allow the method to be ex- 
tended to the study of yellowing and other forms of 
discoloration in raw wool and in wool at various 


TEXTILE RESEARCH JOURNAL 
stages of processing. The method should be ap- 
plicable to the measurement of color in textile fibers 
other than wool by immersion in liquids of ap- 
propriate refractive index. 
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A New Replica Technique for the Study of Fabrics 
and Other Surfaces 


W. Rhett Berry 


Physical Research Department, Research and Engineering Division, 
American Enka Corporation, Enka, North Carolina 


Abstract 


The Silastic replica technique provides a new, unique, and simplified means for the 


replication and examination of fabric streaks, pile fabrics, and other surfaces. 
technique is extremely simple and requires no special equipment. 


The basic 
It depends on the 


properties of the silicone rubber, Silastic, produced by the Dow Corning Corporation. 
This material, received as a liquid, sets up at room temperature, upon the addition of a 
catalyst, to a smooth, rubbery, fine textured, nontacky film in approximately 30 min. 
The Silastic produces a replica of the sample fabric that will not only automatically 
classify the streak, but will also permit microscopical examination and photomicrography 


of the streak at a relatively high magnification. 


This material has also proved useful 


for replicating surfaces of other materials such as godets, draw pins, etc., which are 
inaccessible for microscopical examination of their surfaces. 


Introduction 


Streaks in fabrics, like many other problems of 
the textile industry, have been an ever plaguing con- 
dition to the weaving mills as well as the synthetic 
yarn producers. Textile technologists from pro- 


ducers of both yarns and fabrics have spent endless 


hours investigating streaks, determining their origin, 
seeking their correction, and attempting to camou- 
flage their existence. This enormous profit eater in 
the textile trade has been the subject for a number 
of investigators who have described their classifica- 
tion and techniques for examination as well as 
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corrective measures for this endless 


seemingly 
condition. 

Streaks primarily may be divided into two general 
classes : those caused by the internal variations within 
the fiber, such as luster, pigments, voids, skin thick- 
ness, etc.; and the external or mechanical streaks 
which occur due to physical changes brought about 
in the weaving or some mechanical operation in- 
volving the yarn or fiber. 

A recent article by F. Schulze [4] gave a useful 
classification of streaks, sub- 


including certain 


divisions. 


A. Internal streaks 
1. Dye streaks 
2. Intrinsic luster streaks 
External or physical streaks 
1. Yarn texture streaks 
2. Fabric configuration streaks 
3. Spacing streaks 


A disconcerting characteristic of fabric streaks that 
has hampered the investigator is their virtual dis- 
appearance when viewed under even slight magni- 
fication. This, of course, leaves much to be desired 
when attempting to classify a streak as to type and 
causes. The well established techniques for the 
microscopical study of the individual yarns and 
filaments have been quite satisfactory for the in- 
vestigation of the internal type streaks. Since all 
streaks do not fall in the internal classification, there 
existed a need for the development of a technique to 
aid in the classification and microscopical examina- 
tion of the external type streaks. The Silastic rep- 
lica technique developed in this laboratory has 
proved most adequate in classifying external type 
streaks as well as making possible their micro- 
scopical examination and photomicrography. Other 
authors, including Schulze, have described replicat- 
ing techniques by the use of such plastics as poly- 
styrene film, cellulose acetate, vinylite, and poly- 
methyl methacrylate, which permit the investigator 
to see the detailed structure of the fabrics. This step 
is most helpful, since it is rather obvious that only 
external type streaks will replicate. However, the 
plastic replica techniques require special equipment, 
such as heated plates and presses, which are ex- 
Also, they 
are unsatisfactory for replicating pile fabrics. 


pensive and sometimes difficult to apply. 


Streaks are not necessarily limited to one partic- 


ular classification. On occasions both classes of 
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streaks may combine forces to produce a really com- 


plex streak. Such a condition was recently found 
in our laboratory in an investigation of fabrics in- 
volving spun yarns. Some of the fibers contained 
voids, causing a luster difference. In addition, the 
difference in filament shape resulted in nonuni- 
formigy of the threads, thus causing spacing dif- 
ference in the fabric replica. 

Pile fabrics, as well as flat goods, 
streaks which likewise fall in the internal 
Pile and backing 
tensions are examples of causes for external streaks. 
Other investigators have experienced difficulties in 


often.- contain 
and 
bloom 


external classification. 


the preparation of replicas of pile fabrics by previ- 
The 


Silastic replica technique was found entirely satis- 


ously published plastic replica techniques. 


factory for the preparation of replicas of pile fabrics. 

The replica techniques for the study of metal 
surfaces are well known to the electron microscopist. 
However, on occasions one may wish to examine 


larger areas of a metal surface of an object too large 


Fig. 1. Taffeta weave lining fabric with 100/60 bright 
yarn in warp streak. Magnification 27; warp, vertical; 
filling, horizontal, 





Fig. 2. Lining fabric with overstretched 100/40 bright 
yarn in filling streak. Magnification 21.5 ; filling, vertical; 
warp, horizontal. 


for the stage of the light microscope. A recent re- 
quest of our laboratory was to furnish photomicro- 
graphs at a relatively high magnification of the cor- 
roded land portion of an extruder screw 3 ft. long 
and 2 in. in diameter. This, of course, necessitated 
the preparation of some type of surface replica. 
Since the silicone rubber had worked so well in the 
fabric replicas, it was tried on the metal surface. 
Again, the Silastic proved itself a unique and useful 
replicating media. 


Experimental Procedure 


The replica technique developed in this laboratory 
not only will distinguish between internal and ex- 


ternal streaks, but will also permit microscopical 
examination and photomicrography of the streaks 
at relatively high magnification with excellent 
contrast. 

The basic technique is extremely simple and 
requires no special equipment. It depends on the 
properties of the silicone rubber, Silastic, produced 


by the Dow Corning Corporation, Midland, Mich- 
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Fig. 3. 
streak. 
horizontal. 


Twill fabric with 100/60 bright yarn in warp 
Magnification 23.5X; warp, vertical; filling, 


igan. This material received as a liquid sets up, 
upon the addition of a catalyst, in about 30 min. at 
room temperature to a smooth, rubbery, fine textured, 
nontacky film. 

For tight woven fabrics containing streaks, the 
fabric is taped to a glass surface, and the liquid is 
simply painted on the streaky portion to approxi- 
mately 0.l-cm. thickness. After it is cured, the 
Silastic replica can be peeled from the fabric. If 
external streaks are present in the fabric, the replica 
will clearly show them plus any pencil marking or 
numbers that may have been present to identify the 
streaks. This, of course, completes the first phase 
of the investigation, since subsequent examinations 
will depend on the type of streak classification. 

The photomicrographs in Figures 1, 2, and 3 show 
the negative Silastic replicas made from fabrics 
containing warp and filling streaks of the external 
type. Figure 1 was a 93 X 69 taffeta weave greige 
fabric with 100/60 bright yarn in the warp direction 
and 150/90 bright yarn in the filling direction. The 
two overstretched threads in the warp 
streak are marked. It is interesting to note that 


involved 
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there are two classes of external streaks involved in 
this particular fabric streak : a spacing streak (Classi- 
fication 3 B) as well as the tension streak (Classi- 
fication 2 B), shown in the variation in the height 
of the weaving crowns. This photomicrograph was 
made with a 2.5xX objective and 10x eyepiece, 
using only transmitted light, and then enlarged 
photographically to 27x. Figure 2 shows tension 
streaks (shiners) from a lining fabric with over- 
stretched 100/40 bright yarn in the filling direction. 
The photomicrograph was made with the same 
combination of objective and eyepiece as above, 
using both reflected and ‘transmitted light. In this 
case, the photographic enlargement was 21.5 in- 
stead of 27. Figure 3 shows another warp streak in 
a lining twill fabric made with transmitted and 
reflected light. 

For microscopical study and photomicrography, 
the additional step of evaporating a metal such as 
aluminum on the replica surface, in the direction of 
the streak, has been found useful to enhance the 
contrast. 


This shadowing phase of the technique is 
a modification of that used in the preparation of 
certain samples for the electron microscope. 


It has 


Fig. 4. 


Replica of 125/50 velvet pile. Magnification 23.5% ; 
filling, vertical; warp, horizontal. 
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been found that the evaporation of 0.1 g. of aluminum 
at an angle of 19-23° to the plane of the sample and 
a distance of 11 cm. will produce good contrast when 
examined with transmitted and/or reflected light. 
All of the included photomicrographs except Fig- 
ure 6 have been shadowed in the above manner.’ 
Krammes and Maresh [2] also shadowed their 
methyl] cellulose replicas with aluminum in the study 
of chintz fabrics. 

For pile fabrics, loosely woven materials, and 
fabrics made from spun yarns, the procedure for 
making the replica has to be reversed. Instead of 
spreading the Silastic on the fabric, the Silastic is 
spread on a glass plate and allowed to cure for 
approximately 25-30 min. (The desired tacky feel 
of the Silastic is quickly learned from experience. ) 
The sample fabric is then placed pile down on the 
partially cured film of Silastic with only sufficient 
pressure to smooth out the sample. After the 
silicone rubber has completely cured, the fabric is 
peeled off, leaving the pile replicated in the Silastic 


1 The shadow casting operation was done with the SC-3 
Evaporator manufactured by the Vacuum Equipment Divi- 
sion, New York Air Brake Co., 1325 Wilson Blvd., Camden 
11, New Jersey. 


Fig. 5. Replica of 125/50 velvet pile. Magnification 23.5% ; 


filling, vertical; warp, horizontal 
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film. Figures 4 and 5 show the aluminum shadowed 
negative replicas of the pile from two different 
velvet samples. In each case, the pile yarn is 125/50 
bright yarn, but was made by different producers. 
It is interesting to note that the bloom of the pile 
of the velvet replica shown in Figure 4 is greater 
than the one shown in Figure 5. This particular 
investigation was involved in finding the differences 
that existed between the two velvet yarns from 
different producers, in seeking the answer as to why 
one performed differently from the other. 

If additional pressure is applied to the velvet 
fabric in the preparation of the replica, the pile can 
be sufficiently embedded so that the backing yarns 


can be completely removed, leaving only the pile 


tufts held in place. Figure 6 shows the pile yarns 
held by the Silastic with the backing yarn removed. 
This type of preparation may be helpful in the in- 
vestigation of velvets when it is desired to look at 
the back of the pile yarn to determine what de- 
formation may have occurred due to uneven backing 
tensions. 


Aside from the study of streaky fabrics, this 
Fig. 6. Velvet pile with backing yarns removed. Magni- 


‘oie : ' neds versatile Silastic has been extremely helpful in the 
fication 23.5; warp, vertical; filling, horizontal. . 


Fig. 7. Negative surface replica of the land portion of an Fig. 8. Negative surface replica of step godet showing 
extruder screw. Magnification 24. grooves. Magnification 200, 


ee 
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examination of surfaces of glass, porcelain, and 


metal, particularly those that required the examina- 
tion of a relatively large surface when the object 
itself was inaccessible to the microscope. 


Draw 
twister godets, extruder screws, and draw pins are 
some of the specimens used to illustrate this tech- 
nique. After the necessary cleaning of the metal 
surface, the Silastic is painted on and allowed to 
cure. In some cases where the metal surface is 
curved, it is necessary to tape on a cardboard mold 
to hold the Silastic until cured. The negative rep- 
lica can then be peeled off, shadowed, and examined 
microscopically. Figure 7 shows the negative replica 
of a pitted surface of the land portion of an ex- 
truder screw. Figure 8 is a replica of the surface 
of a stainless steel godet showing the grooves cut 
by nylon yarn. (The large object in the photograph 
is a foreign particle that landed on the replica just 
before shadowing.) Also note the well-defined de- 
tail of the metal surface outside of the grooved area. 

The Dow Corning Corporation also produces a 


slower curing Silastic which sets up in approximately 


2 The fast curing Silastic type is RTV 502, Lot No. 1050, 
while the slower curing Silastic is type RTV 501. 
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10 hr. 


satisfactory 


Both types have been tried and produce 
replicas for both fabrics and metal 
surfaces.” 


Conclusion 


; 

From the above discussion and the photomicro- 
graphs, it seems reasonable to conclude that the 
Silastic replica technique has been demonstrated to 
have unique and superior qualification for the classi- 
fication, microscopical examination, and photomi- 
crography of fabric streaks, as well as the examina- 
tion of other surfaces. Its simplicity of use and 
application may make it attractive to mill technicians, 
as well as traveling textile trouble-shooters, since, 
for the classification of a streak, one needs only to 
spread the silicone rubber on and peel it off after 
30 min. 
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Reaction of Epoxides with Cotton Cellulose in the 
Presence of Sodium Hydroxide 


John B. McKelvey, Beverly G. Webre, and Elias Klein’ 


Southern Regional Research Laboratory,? New Orleans, Louisiana 


Abstract 


The reactions of various commercially available epoxides with cotton cellulose in 


the presence of sodium hydroxide have been investigated at 25°, 50°, and 95° C. 


The 


effects of solvents and alkali content of the yarn steep on the epoxy add-on have been 


studied. 


Introduction 


The present work is concerned with ascertaining 
the conditions under which epoxides in general react 
with cotton cellulose. The authors have been un- 
able to find information in the literature which in- 
dicates that an uncatalyzed epoxide acts upon cotton, 
nor have they been able to bring about such a re- 
action, in spite of the fact that many epoxy com- 
pounds are exceedingly reactive with the functional 
groups (-OH) contained in cellulose. The reaction 
involved is that between the oxirane ring of the 
epoxide and the hydroxyl group of cellulose to form 
a primary or secondary hydroxy cellulose ether. 


CH:—CH:; + HO—Cell ———> 


O 
Ethylene 
oxide 


Cellulose 

H H 
Cell—O—C—CH 
H OH 


Primary hydroxy 
ether 


= 
OH H 
Secondary hydroxy 
ether 


Significant is the fact that for every cellulose hy- 
droxyl reacted, a new hydroxyl is formed on the 


entering group. Should an epoxide already con- 


taining a plurality of hydroxyl groups be joined to 
cellulose, one might expect enhancement of the 
hydrophilic properties of cellulose, while if the added 


1 Present address: Courtaulds 
Alabama. 

2 One of the laboratories of the Southern Utilization Re- 
search and Development Division, Agricultural 


Service, U: S. Department of Agriculture, 


Incorporated, Mobile, 


Research 


‘aay , 
or Cell—O—C—C—H 


epoxide were predominantly hydrophobic, it would 
be expected that some of the hydrophobic properties 
would be transferred to the cotton. Such changes 
in the properties of cotton have obvious commercial 
advantages. 

Since it is well known that epoxides react easily 
with simple alcohols under conditions of acid and/or 
base catalysis [11, 24, 29-32] and even without 
catalysts [38, 39] in some instances, a study of 
catalysts required for the reaction of epoxides with 
cellulose was made. 


Base Catalysis of Epoxides and Cellulose 


As early as 1921, alkali cellulose was reported to 
react with epichlorohydrin [14], although it is doubt- 
ful if it was realized at that time that it was the 
epoxide group which reacted with the cellulose. 
Later Schorger [34, 35] reported the reaction of 
alkali carbohydrates (cellulose) with ethylene, pro- 
pylene, and butylene oxides to form alpha-hydroxy 
ethers of the carbohydrate. Lawrie [20-22] also 
studied the action of ethylene oxide on alkali cellulose 
and patented the use of the substance for producing 
novel effects in dyeing and finishing. In 1940, 
Lawrie, Reynolds, and Ward [23] published the 
results of their work with ethylene oxide, propylene 
These workers showed that 
little or no reaction occurs between the cellulose and 


oxide, and glycidol. 


epoxide until the sodium hydroxide concentration 
reaches 9-11%, at which concentration good ad- 
dition takes place. The reaction appears to be 
between alkali treated cellulose and the epoxide, 
and moisture The 
favored sodium hydroxide concentration range was 


is essential to the reaction. 
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TABLE I. Reactivity of Epoxides and Cotton Cellulose 
in the Presence of Sodium Hydroxide 


Weight Tempera- 
gain, ture, Time, 
%yarn °C. hr. 


Epoxide Source 





22.0 
226.0 16.0 
57.8 20.0 
20.7 2.0 
150.0 2.0 
153.0 4.0 
10.0 11.5 
Dow 42.0 2.0 
DuPont 22.0 16.0 
Lab. prep. 8.0 16.0 
Lab. prep. 37.0 24.0 


UCC* 
UCC 
Shell 
Shell 
Shell 
Ciba 


Dow 


Butadiene monoxide 
Butadiene dioxide 
Epichlorohydrin 
Allyl glycidyl ether 
Phenyl glycidyl ether 
Butyl glycidyl ether 
Butylene oxides-S 
Styrene oxide 
Glycidyl methacrylatet 
Glycidolt 

Glycidol** 


15.7 


* Union Carbide and Chemical Corporation. 
+ 20% by volume solution in CCl,. 

t 20% by volume solution in H,O. 
** 20% by volume solution in CHCI,. 


9-22.5%, as above 22.5% the reactivity of the 
epoxides did not increase. The reaction will proceed 
out of brine solution, other 
In aqueous 
solutions, however, a self-condensation of the epoxide 
takes place within the cellulose, but the epoxide 
condensation products (glycol or polyglycols) are 
removed on washing. Organic solvents exert a 
catalytic effect on the ethylene oxide reaction, carbon 
tetrachloride being the best of a number tested. 


More recently a number of investigators have taken 


carbon tetrachloride, 
organic solvents, and even out of water. 


patents on the use of epoxides or prepolymer of 
epoxy resins [1, 5, 7, 8, 12, 13, 15, 26, 36, 37, 40, 43] 
for crease resistance of cotton or for other reasons. 


Experimental 


The following simple test procedure was used. 
A 1-g. skein of mercerized yarn (Linker Machines, 
Inc.)* was immersed in a solution of the alkali or 
other catalyst, degassed under a bell-jar for 0.5 hr.. 
and centrifugally extracted to a 150-200% 
pickup. The wet yarn was placed in a_ small 
stoppered round-bottom flask containing 20-25 ml. 
The flask was 
agitated by a wrist-action shaker in a thermostatically 
controlled bath at the desired temperature. After 
suitable time had elapsed, the yarn was drained; 
washed with methanol, chloroform, or ether (de- 


wet 


of epoxide or epoxide solution. 


3 Trade names have been used to identify materials used 
in the work, and such use does not imply endorsement or 
recommendation by the U. S. Department of Agriculture 
over other products not mentioned. 
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pending on solubility of the epoxide) ; acidified ; and 
finally washed with distilled water. Drying was 
carried out at 100-105° C. or in a vacuum oven at 
60-65° C. 

The epoxides used, with the exception of glycidol, 
were research grade materials kindly furnished by 
the various sources listed * in Table I. 

The glycidol was prepared by the thermal de- 
composition of glycerol carbonate [17]. Glycerol 
carbonate itself does not add to cotton cellulose in 
the presence of sodium hydroxide. A few epoxides 
were studied by varying the sodium hydroxide con- 
centration from 0 to 35% in order to obtain informa- 
tion for optimum reaction conditions. A number of 
epoxides in solvents were tested against yarn contain- 
ing optimum alkali content. Evidence of reaction 
was shown by excessive swelling and unwinding of 
yarn and weight gain. In some cases with very 
reactive materials the yarn resembled resin treated 
yarn or was glued to the flask. A further evidence 
of reaction was the inertness of treated material to 
hot solvent extraction 
Little or no add-on 


methylformamide. 


with dimethylformamide. 


was removed by the di- 


Results 
Pure Epoxides and Cotton Cellulose 


No reaction between cotton yarn and the following 
epoxides in the absence of a catalyst occurred either 
at room 24 hr.: 
epichlorohydrin, butadiene diepoxide, styrene oxide, 


temperature or at 95° C. for 
phenyl glycidyl ether, and glycidol. Phenyl glycidyl 
ether did not react at 180° C. in an atmosphere of 
nitrogen in 2 hr., even though this epoxide reacts 


TABLE II. Epichlorohydrin and Cotton Cellulose* Reaction 


Weight gains, % 


z5°'C. 


50° C. 65°C. 
Time, 
min. Pure Solutiont Pure Solutiont Solutiont 
15 
30 
45 
60 
90 
120 
180 


240 


So 


0 5. 2.0 4.2 
0 of 11.5 12.8 
0 ' 9.1 19.3 
0.1 a 11.9 22.9 
0.8 5. 17.8 26.2 
2.8 ¥ 19.9 27.5 
3.2 , 32.5 31.6 
6.8 29.1 37.0 28.5 


* 200% wet pickup from 13.5% NaOH. 
+ 20% by volume of epichlorohydrin in CCl. 


nee a at Oe ye 
NOSHK AWS 


— 
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with simpler alcohols [38, 39]. Butadiene mono- 
epoxide and butylene oxides-S did not react at 
reflux temperatures. A similar series was run with 
cotton which had been treated overnight with eth- 
ylamine in a Dewar flask and subsequently washed 
with chloroform. In all cases except with butadiene 
The latter 
diepoxide apparently reacted with residual amine 
in the yarn to form a visible solid which was water 
soluble. 


diepoxide, there was no weight gain. 


Epoxides and Cotton Cellulose in the Presence of 
Sodium Hydroxide 
A summary is given in Table I of the reactive 
epoxides tested and the temperatures at which re- 


actions with cellulose occurred, as evidenced by 


weight gain after methanol, acid, and water washes. 
Optimum alkali concentration was that concentration 
where greatest add-on was obtained in the shortest 
time; 13-15% at There 
shifts in the optimum to higher concentrations at 


room temperature. were 
higher temperatures for epoxides that react both at 
low and high temperatures. 
tested at 25°, 50 


epoxide and butylene oxides-S, which boil below 95 


Each epoxide was 
, and 95°, except butadiene mono- 

In cases where no gain was observed, slight weight 
losses were experienced. Those epoxides which did 
not react at temperatures up to 95° were the fol- 
lowing: vinyleyclohexene monoepoxide, vinyleyclo- 
hexene diepoxide, 3,4-epoxy-6-methylcyclohexyl- 
methyl - 3,4-epoxy -6- methyleyclohexanecarboxylate 
(E.P. 201), 1,2,di-isobutylene epoxide, 1,4,di-chloro 
2,3, epoxy butane, limonene diepoxide, 1,2,-epoxy 
decane, and the sodium salt of 9,10-epoxy-undecylenic 
acid, all furnished by the Union Carbide Chemical 
Company; 1,2-epoxy 


octane, 1,2-epoxy-dodecane, 


and dipentene monoxide, all furnished by Becco 


TABLE III. 


Reaction conditions 


Tempera- 
Time, ture, 
Epoxide hr. fos 


Epichlorohydrin* 21 
Epichlorohydrin* 21 
16.5 


Butadiene diepoxidet 


20% by volume in CC\,. 
20% by volume in CHCl). 
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Division of Food Machinery and Chemical Corpora- 
tion; and butyl epoxy stearate and alpha pinene 
oxide, prepared in the U. S. Department of Agricul- 
ture Laboratory. 

Data in Table II show variations of weight gains 
with temperature and time for the reactions between 
cotton cellulose of 200% wet pickup from 13.5% 
NaOH solution and pure epichlorohydrin as well 
as 20% by volume solutions of epichlorohydrin in 
CCl,. 

Data in Table III show the effect of alkali con- 
centration used in the yarn steep on the 
add-on from chlorinated solvents. 


epoxy 


Since several of the epoxides react only at elevated 
temperatures, alkali concentrations were varied for 
styrene oxide and phenyl glycidyl ether at 95° C. 
These results are given in Table IV. 

Although a complete study was not made, ex- 
periments on the loss in tensile strength of a number 
of yarns tested after various percentages of epoxide 
add-ons showed that only 50-70% of the breaking 
strength was retained. 


Effect of Water on 
Epoxide Reaction 


Alkali Treated Cellulose— 

After cotton cellulose had been treated with sodium 
hydroxide solution, the water was removed from it 
by extraction with absolute ethanol, diethylamine, 
When 


such extracted yarns were reacted with butylene 


dioxane, etc. without much loss of caustic. 
oxides-S, phenyl glycidyl ether, or styrene oxide at 
reflux temperatures or at 95° C., either very low 
The 


These 


weight gains or no reactions were obtained. 
cellulose became bright yellow, then brown. 
same epoxides gave high add-on when water was 


present. 


Effect of Alkali Content of Yarn Steep on Epoxy Add-On from Chlorinated Solvents 


Weight gains, % 


© NaOH used in yarn steep 


10.5 15.0 17.3 30.0 
16.9 


20.2 


26.5 
46.0 


58.0 76.0 
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Effect of High Boiling Solvents on Epoxy Addition 
to Alkali Treated Cellulose 


The common low boiling organic solvents did not 
permit working at very elevated temperatures ; hence 
some higher boiling liquids were selected as solvents 
for the phenyl glycidyl ether and styrene oxide ad- 
dition reactions with cotton cellulose. The epoxides 
were made up to 20% by volume in the solvent and 
heated for 6 hr. at 95° C. with cellulose prepared 
from 13-15% NaOH solution and 200% wet pickup. 
These results are in Table V. 


Epoxylated Yarn and Substantive Dyeing 


When cellulose ethers are formed in situ in cotton, 
the yarn eventually should commence to take up 
dyes such as Celliton Red which untreated cellulose 
rejects. This has been realized after the reaction of 
butylene oxides-S with cotton cellulose in the pres- 
ence of sodium hydroxide. Some of the properties 
of the yarn after the addition of the butylene oxides-S 
Gc” C. However, it 
might be expected from the structure of some epox- 


are recorded in Table VI. 


ides that there is the possibility of introducing a 
plurality of hydroxyl groups on the surface of cot- 
ton. Thus, each glycidol molecule added to the 
cellulose introduces two hydroxyl groups and each 
butadiene diepoxide introduces at least two and 
This should cause 
an assist in direct dying, while if more hydrophobic 


possibly more hydroxyl groups. 


groups, such as aromatic or other rings, were in- 
troduced, dye resists should be possible. A number 
of epoxylated yarns containing 20-30% add-on and 
a mercerized yarn control were dyed simultaneously 
in a 0.5% Calcomine Blue NR solution for 15 min. 


at the boiling point. 


TABLE IV. Effect of Alkali Concentration on Cotton 
Cellulose Weight Gains 


Add-on from 

100% phenyl 

glycidyl ether 
(1.5 hr. at 95° C.) 


Add-on from 
100° styrene 
oxide 
(3 hr. at 95° C.) 


€ 


€ 
NaOH 


1.0 slight loss 
2.0 5.3 
4.0 14.1 
9.7 30.5 
14.3 59.2 
17.0 38.6 
20.0 14.7 9.0 
25.0 loss 10.7 
30.0 - 4. 


76.6 
160.3 
228.0 
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Yarns treated with glycidol, epichlorohydrin, and 
butadiene diepoxide dyed black; yarns treated with 
butadiene monoepoxide and butylene oxides-S dyed 
blue, as did the mercerized yarn control. The yarns 
treated with styrene oxide and phenyl glycidyl 
ether dyed grey and unevenly. 


Discussion 


It can be noted from the weight gains recorded in 
Table I that only 10 of the 23 epoxides added to 
cotton cellulose in the presence of sodium hydroxide. 
Of the reactive epoxides, it is believed that three 
(glycidol, epichlorohydrin, and glycidyl methacrylate ) 
gave the same end-product. Yarn reacted with the 
glycidyl methacrylate showed no bromine absorp- 
tion. This indicates that glycidyl methacrylate did 
not add per se because an ester is unstable under 
conditions of alkaline hydrolysis. In the case of 
epichlorohydrin, Ross [33] proved that the chloride 
group is rapidly hydrolyzed in alkaline solution. In 


TABLE V. Effect of Solvents on Cotton 
Cellulose-Epoxide Reaction* 


Weight 
gain from 
phenyl 


Weight 
gain from 

glycidyl styrene 

Dielectric ether, oxide, 
constant % » 


Solventt 


c 


Xylene 2.4 
Toluene 2.6 
Chlorobenzene 5.6 
o-dichlorobenzene A 
p-dichlorobenzene 2.9 
Trichlorobenzene 
Dioxane 
s-tetrachloroethane 
1,1,2 trichloroethane 
1-nitropropane 
Nitrobenzene 
Mineral spirits 
Ethanolf 

t-butyl alcohol 

70%, ethanol 

30% water 
Cyclohexanone : 1.4 1.0 
Mesityl oxide a 9.3 

Benzonitrile 20.5 

Isophorone 73.5 

Allyl ether 29.3 
Dimethylformamide —3.5 —5.0 


92.0 -— 
94.0 0 
36.8 
47.9 . 
—4.0 —14.0 
54.5 0 
4.2 0 
—4.6 
32.0 
—5.0 
10.4** 
(insoluble) 30,2 
0 -1.0 
-4.6 —8.1 


kc SS 


wr 


small loss 


> 


loss 


le SS 


~~ 


w 


— th wr 
Se = bm ww wD 
CoN 


mm 5 


0 0 


* Reaction for 6 hr. at 95° C. with cotton cellulose prepared 
from 13-15% NaOH and 200% wet pickup. 

t Epoxide solution was 20% by 
solvent. 

t Same conditions except temperature was 76-78° C. 

** Reacts with NaOH. 


volume in commercial 
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TABLE VI. Properties of Yarn* after Treatment with Butylene Oxide S at Reflux (62° C.) 


Reaction Weight 
time, gain, 
hr. % 


Cuene 
solubilityT 


Staining with 
Celliton Red 


Condition 
of yarn 


Action of 
organic solvents 





3 12.7 
6 32.5 
23 100.0 


soluble 
swollen 
insoluble 


* 200% wet pickup from 13.5% NaOH. 
t As determined microscopically in a solution which is 1 M with respect to cupric hydroxide and 1.9 M with respect to 
ethylene diamine. 


negative 

positive 

strongly 
positive 





no action 

no action 

yarn swells in 
MeOH or CHCl; 


stiff 
very stiff 
waxy 








the case of epichlorohydrin in carbon tetrachloride 
solvent, however, where an add-on of 19.3% was 
obtained, the purified yarn showed 0.19-0.22% 
chlorine content, indicating the chlorine is not all 
hydrolyzed. Other samples tested showed chlorine 
contents varying from 0 to 0.23%, indicating that 
the chlorine is largely removed from the molecule 
by the basic solution. Had the chlorine in epi- 
chlorohydrin remained intact, about 38% of the 
weight gain would have been chlorine. A control 
yarn averages about 0.03-0.05% chlorine. 

That the ionic 
and catalytic is easily shown by the facts that no re- 


reaction under consideration is 


action between pure epoxides and cellulose was 
observed and that when water was extracted from 
the system, the reaction rate decreased and ap- 
proached zero as the water was removed completely. 
However, what is not so clear is why the amount 
of epoxy add-on (Tables III and IV) is dependent 
on the alkali content of the cellulose, especially so 
when it is remembered that the caustic is not 
consumed. 

The simplest explanation of the 
that 
maximum 


phenomenon is 


maximum add-on occurs in the region of 


alkali [27]. 
Hence, more surface is presented to the entering 


swelling of the cellulose 


epoxide in the heterogeneous reaction. It is not, 
however, the whole consideration because, as has 
been. shown, when the cellulose is swollen to a 
maximum and the water removed, little or no re- 
action Under these optimum conditions 


there are good indications that either a loose co- 


occurs. 


ordination complex of cellulose, water, and caustic 
is formed [9, 10, 28] or, under some extreme con- 
ditions, sodium cellulosate [41] is present. Solvents 
such as absolute alcohols upset the cellulose complex 
by removing water. It would appear, therefore, 
that caustic solutions serve a dual purpose in the 


reaction; first, by swelling the cellulose or “acti- 


vating” it for a complex formation and second, by 
opening the epoxide ring, which Ross [33] has 
shown is more easily opened by hydroxide ions than 
was formerly believed [6]. The earlier belief prob- 
ably arose from the fact that many epoxides had been 
prepared by using strong alkali on a chlorohydrin 
to form the ring in the first place. 

It has also occurred to the writers that active 
hydroxyl groups in cellulose as in simpler polyols 
[18] are analogous to but differ in degree of activity 
from the hydroxyl groups of phenols in regard to 
the epoxide reaction. In fact, Boyd and Marle [2, 
3] showed that ethylene oxide reacted only slightly 
with various phenols (1% conversion), but when 
the phenol was neutralized with alkali a high con- 
version to the phenol hydroxy ether occurred. This 
analogy was strengthened by Guss [16], who showed 
that a high yield of mixed hydroxy ethers resulted 
in the alkaline catalysis of styrene oxide and phenol. 
The “acidity” of cellulose [27] is very small as evi- 
denced by the ionization constant, K = 1.84 x 10", 
while that for phenol is K = 1.3 x 10°”. 

However, as has been pointed out, more than half 
of the epoxides tested fall into the inert category to- 
wards alkali cellulose. Schorger [34, 35] made the 
statement that with 1-2 epoxides, the reactivity with 
cellulose ended at about a five carbon atom chain in 
the aliphatic series of epoxides. There is no litera- 
ture on the activity of the aromatic epoxides with 
cellulose. 

One might say the inertness of some epoxides is 
due to the nucleophilic nature, which in turn is due 
to the type of group substituted adjacent to the epox- 
ide ring. The sole effect of the substituted group 
is an inductive one; that is, if it acts as an electron 
attracting group, the attack of the anion on the 
epoxy ring would be facilitated. Since styrene oxide 
and 1,2-epoxydecane react very differently with cel- 
lulose under conditions of alkaline catalysis, the in- 
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ductive effects of the aryl and decyl groups must 
differ. The aryl epoxy reacts with cellulose in a 
few hours at 95° C., while the epoxydecane does not 
react under the same conditions. Therefore, in the 
case of the epoxy compounds, the phenyl group is 
acting as an electron attracting group. 

In the reaction between olefins and peracetic acid 
|42], the phenyl group acts as an electron repelling 
group since there is unsaturation in the compound. 
Swern [42] found that the specific reaction rate con- 
stant for styrene (k = 11.2 x 10°*) is larger than 
that for 1-decene (k = 4.7 x 10°*) at 25° C. This 
indicates that the phenyl group is a more electron 
releasing group than is the octyl group; therefore the 
electron density at the double bond is greater in the 
aryl olefin. Swern [42], aware of this apparent 
anomaly, stated that the phenyl group can act as 
an electron release group, though frequently the re- 
verse is true. 

The most interesting observation encountered in 
this investigation was the effect of solvents on the 
base catalyzed epoxide-cellulose reaction (Tables II, 
III, and V). Solvents were thought to be desirable 
for economic reasons, but it is by no means certain 
that an epoxide reacts out of a solvent with cotton 
cellulose in the presence of sodium hydroxide in the 
same manner as does the pure epoxide. The sol- 
vents changed the reaction rates, as indicated by the 
data in Table V. 
explained. 


Some of the results are readily 
instance, dioxane and _ absolute 
ethanol remove water from the alkali cellulose, thus 
stopping the reaction. On the other hand, a 30% 
water—70% ethanol mixture which is also a solvent 
for the epoxide, phenyl glycidyl ether, did not permit 
a reaction to occur. 


For 


Possibly such a mixture re- 
moves alkali from the cellulose, thus breaking up 
the complex of water, caustic, and cellulose. The 
dielectric constant of the reaction medium does not 
appear to give a clue to the reaction mechanism. 
Furthermore, if the dielectric constant gave a clue, 
styrene oxide should react in toluene nearly as well 
as in mineral spirits, but no reaction occurred in the 
former solvent. 

A further peculiarity is the very weak yarn pro- 
duced when solvents are used for phenyl glycidyl 
ether and styrene oxide. It was established in the 
beginning of this investigation that the epoxide 
add-on caused strength losses in all yarns tested. 
Only 50-70% strength was retained after the reac- 


tion. When styrene oxide 100% was reacted with 
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cotton cellulose in the presence of sodium hydroxide, 
a strength retention of 53% 
yarn at 100% add-on. 


was observed in the 
Yet when only 30% add-on 
was obtained from a mineral spirit solution of styrene 
oxide (20% by volume), the strength retention was 
only 27%. If more concentrated solutions of styrene 
oxide were used, for example, 40% and 60% by 
volume solutions, the strength retention of the yarn 
dropped to 14% or values too low to measure; the 
yarn literally fell apart. Samples of yarn containing 
phenyl glycidyl ether add-on from 
showed very low strength retentions. 


solvents also 

This striking anomaly may be explained on the 
basis of different types of reactions occurring in the 
two systems. Without solvents, linear polymers of 
the epoxide are formed by self-polymerization. These 
polymers can be shown to exist by heating a 13% 
caustic solution with styrene oxide or phenyl! glycidyl 
ether in the absence of cellulose at 95° C. for a few 
hours, during which time the epoxide layer becomes 
highly viscous. Solutions of the epoxides in sol- 
vents do not thicken; in a solvent in the presence 
of cellulose, however, the reaction is largely between 
random cellulose hydroxyl groups and epoxy rings. 
The net result is that a greater number of the hy- 
droxyl groups of cellulose are substituted, and the 
yarn strength is decreased. That linear graft poly- 
mers do occur when 100% epoxide is reacted with 
cotton cellulose in the presence of sodium hydroxide 
is evidenced by the observations in two cases at least, 
namely, with phenyl glycidyl ether and butadiene 
diepoxide. In these instances, the calculated DS is 
greater than 3. Such a value is not reasonable in a 
heterogeneous reaction of this nature, when the re- 
The 


plausible explanation is that in either case some 


actants at best are only partially in contact. 


epoxy groups react with the hydroxyl groups of the 
cellulose ; they may in one case or may not in another 
form linear graft polymers. 

The weight gains obtained with a carbon tetra- 


chloride or chloroform solution of butadiene diepox- 


ide (Table III) were explained by the writers [19] 
as due to the effect of the activity of the hydroxide 
ion. The degree of ring opening was directly pro- 
portional to the activity of the hydroxide ion. How- 
ever, the epoxide is less soluble in the alkali as the 
concentration of NaOH increases, thus accounting 
for low add-on at high caustic concentrations, 
Recently, the elegant research of Long and Pritch- 


ard |[24, 31] has proved that epoxy ring opening 
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with base catalysis is a typical Sy2 mechanism, pro- 
ceeding as follows 
OH 


(1) (R)eC—C (R)s (R)eC 


+ OH- ——— 


O O 


C (R)2 


OH } OH 


(2) (R),C—C (R)z + H,O — + (R)2C—C (R). + OH 


O OH 
where R = H or other substituent. Equation 1 is 
the slow, rate-determining reaction, and Equation 2 
is the fast, concluding reaction. 

If the reasonable assumption of the formation of 
the cellulosate ion, A, in alkali is permitted, it follows, 


according to a similar mechanism in which the A ion 
is substituted for the OH ion in Equation 1, 
A 
| 
L 


that 


cellulose hydroxy ethers, R.—-C—-C—R., are formed. 


OH 

This is essentially the Lowry mechanism [4, 25]. 
Since both cellulosate ions and hydroxide ions are 
present in the reaction mixture, both enter competi- 
tive reactions with the epoxides. The reaction can 
stop after the monomer ether of cellulose is formed, 
or linear graft polymers can be formed by either of 
two mechanisms. If the hydroxide ions remove pro- 
tons from the cellulose hydroxy ethers, the latter 
can add epoxide units. Alternately, the epoxide units 
Either 
of these processes results in a stepwise growth. 


can add to the anion product of Equation 1. 


Conclusions 


In general summation, it may be said that certain 
epoxides, those in which the ring is strained but 
unhindered by adjacent substituents, will react with 
cotton cellulose in the presence of sodium hydroxide. 
The derivatives prepared may be single cellulose 
hydroxy ethers formed from solvents, or linear graft 
polymers of the epoxide formed randomly and un- 
evenly in the yarn in absence of solvents. The 
reactivity of the epoxides with cellulose is not de- 
pendent upon their solubility in water, since such 
water-insoluble epoxides as phenyl glycidyl ether 
and styrene oxide react as easily as some water- 
sMuble epoxides. 

Any reaction mechanism has to take into account 
obtained when the sodium 


the maximum add-on 
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hydroxide concentration of the yarn steep is varied, 
the necessity of the presence of water, and the solu- 
bility of the epoxide in the caustic solution. It is 
suggested that the reaction is an Sy2 mechanism 
probably similar to the mechanism proposed by 
Lowry |[4, 25] and that the properties of the cellu- 
lose derivatives are greatly dependent on the hydro- 
philic-hydrophobic balance of the reacting epoxide. 
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Abstract 


The stress—relaxation behavior of a number of chemically and physically modified 
wool fibers has been examined and shown to correlate with the temperature of transition 


of the particular modified wool. 
ously by Feughelman, Haly, and Rigby. 


value. 


The transition temperature has been discussed previ- 
Below the transition temperature the stress 
decays in 1 hr. by 33%, and above the transition temperature by 73%, 


of its initial 


These quantities are independent of the particular modification and appear to 


be associated with reversible and nonreversible transformations of native keratin. 


Introduction 


In some recent papers [1, 2, 3] it has been shown 
that normal wool fibers when stretched in water show 
a second-order transition in the temperature range 
60°-70° C. This transition is most conveniently 
observed by measuring the strain at the turnover 
point between the yield and post-yield regions. Be- 
low the transition temperature this turnover value 


is about 30% and is independent of temperature, 


while above this temperature the strain at turnover 
increases with increase of temperature. The transi- 
tion temperature has a different value for various 
chemically modified fibers, but the behavior above 
and below the transition temperature is the same as 
with the normal fiber. 

The second-order transition is shown up in other 
ways, as reported in the above references, e.g.; change 
in birefringence and change in nature of remanent 
stress, In particular the relation between transition 
temperature and the ability to permanently set is 
reported for a number of chemically modified fibers 
by Feughelman, Haly, and Rigby [2]. 

In this paper are reported some stress—relaxation 
experiments on chemically modified fibers and their 
correlation with the above observations on transition 
temperatures. 


Experimental 


In all the experiments the fiber was extended by 
the fiber motor of a standard Cambridge Textile 


Extensometer, but the load was measured with a 
Statham electrical transducer, the output of which 
was fed into a potentiometric recorder. The trans- 
ducer was mounted on the extensometer in the posi- 
tion normally occupied by the vibrating arm used 
to link the fiber and spring. The fibers were strained 
at a constant rate of 41%/min. to an extension of 
20%, at which extension they were allowed to relax 
for 1 hr. All the experiments were carried out in 
distilled water adjusted to the required temperature. 
The rate of straining, and the strain of 20%, at 
which the experiments were carried out, were chosen 
as being values of these parameters allowing repro- 
ducible results at room temperature, provided the 
fiber is suitably relaxed in water at 53° C. between 
This kind of test, in which the strain and 
rate of straining become parameters when examin- 
ing stress—relaxation, has been discussed fully else- 
where |7]. 

All the wool used was from penned Corriedale 
sheep hand-fed for uniformity of growth of the 
fibers, as specified in previous work |2]. 
type number is SW13. 


tests. 


The wool 


The experiments involved the measurement of 
stress—relaxation for 1 hr. at both 20° C. and 80° C. 
for untreated fibers and a number of chemically mod- 
ified fibers; these included Van Slyke’s reagent 
treated fibers (34 cc. water, 8.69 g. NaNO., and 
7.2 cc. glacial acetic acid at 20° C. for 27 hr.), 
iodinated (Richards and Speakman [6] ), ultraviolet 
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irradiated (Mitchel! and Feughelman [5]), treat- 
ment in 1 N thioglycollic acid at PH 5 for 21 hr. 
at 37° C., and treatment in 0.1 M mercuric acetate in 
0.1 N acetic acid for 10 hr. at 25° C. The last treat- 
ment is claimed to cross-link wool [4]. 


Results 


A typical stress-strain curve, together with the 
stress—relaxation when the fiber is held at a given 
strain, is shown in Figure 1. The quantities Fy and 
Feo, which are used later, are defined in this figure. 
Fo is the stress corresponding to the strain at which 
the relaxation curve is obtained and Fg» is the stress 
in the fiber after 60 min., extended, by 20%. The 
rate of relaxation has become very slow after this 
time and the stress Feo (and (Fo — Feo)/Fo) have 
been chosen as arbitrary, convenient measures with 
which to compare results of different fibers. Figures 
2 and 3 give stress relaxation data plotted against 
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Fig. 1. A plot of the stress-strain curve and subsequent 
stress-relaxation behavior of a normal Corriedale fiber 
stretched in water at 20°C.,:to a strain of 20% and at 
a rate of 41%/min. The fiber diameter (wet) was 47x. 
The plot shows the meaning of Fo and Fo. 
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Fig. 2. A plot of stress-relaxation against logarithm of 
time for normal and treated Corriedale fibers stretched in 
water to a strain of 20%. The temperature was 20° C. and 
the rate of straining 41%/min. Each curve is drawn from 
the average results of at least four experiments. 
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logarithm of time. Figure 2 gives the data at 20° C. 
and Figure 3 data for similarly treated fibers at 
80° C. Each curve is the average of at least four 
experiments. The initial decay of stress is rapid, 
and the time taken (relaxation time) for the stress 
to decay by 50% of the total decay in 60 min. 
(Fo — Feo) is less than a minute in each case. Some 
more accurate determinations of the relaxation time 
at 20° C. for normal, Van Slyke’s reagent, iodinated, 
ultraviolet irradiated, and mercuric acetate treated 
fibers gave 17, 10, 15, 20, and 25 sec. respectively, 
with an error of + 2 sec. in each case. Owing to 
this error, there is probably no difference between 
normal and iodinated fibers. However, the Van 
Slyke’s reagent treated fibers appear to decay more 
rapidly, and the mercuric acetate treated fibers more 
slowly, than the normal. As an auxiliary experi- 
ment the transition temperature of mercuric acetate 
treated fibers was determined [2]; this tempera- 
ture was between 50° and 60° C. Table I lists the 
two stresses Fy, Feo, the percentage drop in stress 
in 1 hr. (Fo — Feo)/Fo, the relaxation time as de- 
fined above, and the transition temperature for each 
modified wool. 

No particular physical significance can be attached 
to the numerical value of the quantity (Fo — Feo) /Fo 
and to the relaxation time, as they are dependent 
upon the rate of straining, and to a lesser extent 
strain. It is shown [7], in fact, that (Fo — Feo) 
strain (at a fixed rate of 
straining) between the limits 5-25%. It is 
that (Fo — Feo) the logarithm 
of the rate of straining; thus (Fo — Feo)/Fo may 


is independent of 
also 
shown varies as 
be predicted for any rate once it has been meas- 
ured at a known rate. However, the constancy of 
these values above and below the transition tempera- 


esta 10°) 
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Fig. 3. A plot of stress-relaxation against logarithm of 
time for normal and treated Corriedale fibers stretched in 
water to a strain of 20%. The temperature was 80° C. and 
the rate of straining 41%/min. ‘Each curve is drawn from 
the average results of at least four experiments 
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TABLE I 


Untreated Van Slyke 


80° 20° 80° 


Fy, dynes cm.~? X 108 
Fe, dynes cm.~? XK 108 
Fo — Fo , 
F, " ’ 
Relaxation time* 
(sec.) at 20° C, 17 10 
Transition tem- 
perature, ° C. 


~60 > 80 


Ultra- 
violet 


20° ~=80° 20° ~=80° 


Thioglycollic 
acid 


Mercuric 
acetate 


20° ~=80° 


lodinated 


2.6 : 3.6 2.0 Jl 1.1 4S 3A 
1.7 J 2.0 0.5 : x 32 89 


45 75 ‘ ae 


15 


> 80 


* The time for the stress to drop by a value of 1/2 (Fy — Foo). 


tures, independent of the particular modification, and 
the large difference between the value of (Fo — Feo) 
/Fo above and below is significant and will be dis- 
cussed in the next section. 


Discussion 


The bottom line in Table I lists the approximate 
transition temperatures as reported in a previous 
paper [2], and it is immediately clear from the values 
of (Fo — Feo)/Fo and Figures 2 and 3 that two 
distinct types of relaxation behavior occur depending 
on whether the transition temperature has been ex- 
ceeded or not. Below the transition temperature 
the. stress decays by about 33% of its initial value, 
while above it decays by about 73%.' Further, as 
the figures show, the relaxation curve shape is inde- 
pendent of chemical treatment below the transition 
temperature. Only the initial stress has been altered, 
and only in the case of mercuric acetate treated fiber 
has it become greater than that of the unmodified 


fiber. All these results agree with the contention [2] 


that the transition temperature should not be ex- 
ceeded if the @ x-ray pattern is to be recovered upon 
unloading a stretched fiber. A fiber would be ex- 
pected to show an increase in stress—relaxation due 
to the breaking down of the organized material, if 
structurally altered upon stretching to the extent 
that its original organization is not recoverable. 
Thus it might be suggested that the two kinds of 
stress-relaxation reported above (decay of 33% or 
73%) are associated with reversible and nonrevers- 
ible structural transformations in wool. This notion 


is supported by the nature of the stress—relaxation 


_ 1 Actually Table I shows a decay of 45% at 20° C. for 
ultraviolet treated fibers, showing that transformation has 
already begun at this temperature. 


curves. In all cases where fibers are below their 
transition temperature, the stress—relaxation vs. log 
time curves are linear, suggesting that the process of 
relaxation is the same, independent of chemical modi- 
fication ; i.e., the basic molecular structure is unal- 
tered. The only differences are the rate at which 
the initial rapid relaxation occurs and the slope of 
the stress vs. log time in the case of mercuric ace- 
tate treatment; these could be due to viscous effects 
caused by the alteration of side chain structure dur- 
ing chemical modification. 

Some treatments, e.g., thioglycollic acid and ultra- 
violet irradiation, are able to alter the transition tem- 
perature, perhaps by breaking certain cross-linkages 
or groups of linkages, thus reducing the stability of 
native material and allowing it to break down more 
easily under load. Van Slyke’s reagent and iodina- 
tion are on the other hand able to stabilize the struc- 
ture, giving the reverse effect. The behavior of the 
mercury treated fibers is interesting, as definite cross- 
linking is claimed [5], which the increase in Fo 
above normal supports. However the increase in 
relaxation time to 25 sec.. indicates that the large Fy 
could be due to viscous effects and that if the fiber 
were extended sufficiently slowly, /y) would not ap- 
pear abnormal. In addition the transition tempera- 
ture is the same as for normal wool, whereas if defi- 
nite cross-linking had occurred we might expect the 
transition temperature to increase. Whatever has 
happened due to this treatment, heating to 80° C. in 
water returns the fiber to a normal condition, as can 
be seen by comparing the data in Table I for normal 
and mercury treated wool. Fo, Feo, and (Fo — Feo) 
/Fo are identical at 80° C. If cross-links had been 
formed they are entirely ruptured by the hot water 
and the fiber behaves normally. It should be remem- 


bered that the behavior described in this paper occurs 
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only for wool in water. Wool may be heated to 
greater than 100° C. in the dry state with no adverse 
effects upon stretching. 

Summarizing, we can say that two types of 
stress—relaxation can occur in stretched wet wool. 
Below the transition temperature the relaxation pro- 
cess appears to involve the reversible transformation 
of keratin resulting in a decay of stress of about 
33% of the initial value. 
perature, the 


Above the transition tem- 


native keratin breaks down (trans- 


forms) irreversibly, resulting in a decay in stress 
of about 73%. Certain chemical treatments alter 
this temperature of transition, but do not greatly 
affect the stress—relaxation behavior, indicating that 
the basic molecular structure is unaffected by treat- 
ment and that the effects are due to breakage of 
cross-links which make the basic 


structure more 
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vulnerable, or in some cases more stable, and to 
viscous effects due to the alteration of side chain 
structure. 
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Correction 


The review of “Handbook of Chemical Microscopy” 


(Vol. I, 3rd ed., Wiley, 1958) 


which appeared in the September issue unintentionally omitted the name of the senior 


author, Emile M. Chamot. 
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prints, Verifax or Thermofax copies, or other reproductions 
may accompany the carbon copy. 
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A reprint order form is sent with galley proofs; it should 
be returned with them. Orders received after publication 
cannot always be filled, as type is destroyed after each issue 
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CHEMSTRAND 
RESEARCH... 


is writing a new story. A story in the field of Research. Soon 
Chemstrand Research Center, Inc., will occupy its new facilities, now 
under construction at the Research Triangle in North Carolina. The 
Triangle is formed by three well-known cities: Raleigh, Durham and 
Chapel Hill, North Carolina. With these new facilities, Chemstrand 
Research Center, Inc., will expand its staff and research activities. 


Obviously, the success of future fibers will depend upon their chemi- 
cal and physical properties. Yet much research will be required in 
order to relate these characteristics to the composition of polymers, 
structure of fibers, and behavior of end products. 


A new section will be established in the Chemstrand Research Center 
which will have responsibility for the study of these relationships. 


Men with all levels of experience and trained in several scientific 
disciplines will be required in order to properly staff this section. 
The Section Leader should have a PhD degree or equivalent experi- 
ence in the physics, physical chemistry or mechanics of fiber forming 
materials. Experience in research in the area related to fiber charac- 
terization is especially important. For group leaders and other re- 
search men, less background of training and experience will be needed. 
Salary for these openings will be commensurate with experience and 
training. 


For further information 
concerning these Manager-Employment Recruitment, Box R-7 


openings write to: CHEMSTRAND RESEARCH CENTER, INC. 


(a wholly owned subsidiary of The Chemstrand Corporation) 


DECATUR, ALABAMA 








